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The design, construc tion  and c a l ib ra t io n  of an in term ediate  sca le  NMR 
imaging system is  described. The system is  based on a 7" diameter, 
room temperature bore superconducting magnet a t  a f i e ld  of 0.4T. Using 
s e le c t iv e  ex c i ta t io n  and p ro jec tion  reconstruc tion  techniques, the 
production o f  d en s ity ,  s p in - l a t t i c e  and sp in -sp in  re la x a t io n  weighted 
images has been achieved. An in v e s t ig a t io n  of the  f e a s i b i l i t y  of 
in-vivo t i s s u e  c h a ra c te r is a t io n  using NMR parameters has been carr ied  
o u t .
Tissue c h a ra c te r is a t io n  using healthy animals of  d i f f e r e n t  ages, sex 
and species has shown th a t  c h a ra c te r is a t io n  with the NMR parameters of  
T1** and T2** i s  f e a s ib le  on a given system, where 1/T1** and 1/T2** 
are the s p in - l a t t i c e  and sp in-sp in  re lax a t io n  r a te s  ca lcu la ted  from the 
images assuming these  r a te s  to  be mono-exponential. I t  i s  shown th a t  
the s c a t te r  in r e s u l t s  which previously  was believed by o ther  authors 
to  be due to  b io lo g ica l  v a r ia t io n  i s  in f a c t  due to  experimentation and 
instrum entation, and th a t  the b io lo g ica l  l im i t  has yet to  be reached.
The successfu l employment of q u a n t i ta t iv e  c h a ra c te r is a t io n  in  the  
observation and monitoring of diseased s ta t e s  i s  i l l u s t r a t e d  by two 
examples. The f i r s t  shows the growth of a tumour and the second uses 
T1*# to observe the  e f f e c t  of tox ic  drugs on the  kidney. In the  l a t t e r  
case, l i t t l e  evidence of damage was v i s ib le  on the image.
Following c h a ra c te r is a t io n ,  i t  i s  demonstrated th a t  i t  i s  poss ib le  to  
optimise an imaging sequence by ca re fu l  s e le c t io n  o f  the  timing 
parameters. Optimisation of the sequences used in t h i s  work gave an 
increase of upto a fac to r  of two in the s ig n a l- to -n o ise  r a t io  and
Finally^ a technique fo r  obtain ing  a map o f  the  s p a t i a l  d is t r ib u t io n  
of the molecular t r a n s la t io n a l  d if fu s io n  c o e f f ic ie n t  toge ther  with 
perfusion and flow information has been developed. These parameters 
may well enhance the  co n tra s t  as well as providing new information on 
the b io lo g ica l  system.
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NUCLEAR MAGNETIC RESONANCE THEORY
1.1 INTRODUCTION
Nuclear magnetic resonance (NMR) i s  the  resonant absorption of 
electrom agnetic energy by nucle i immersed in a magnetic f ie ld .  The 
phenomenon i s  observed when the  nucle i possess a non-zero nuclear 
magnetic moment. I t  was f i r s t  in ves tiga ted  by F.Bloch and E.M.Purcell 
l a t e  in 1946 (Bloch 1946, Bloch e t  a l  1946, Purce ll  e t  a l  1946). Since 
th a t  time the  su b jec t  o f  NMR has grown ra p id ly  in to  a soph is t ica ted  
technique with wide ap p lica t io n s  in physics , physica l and organic 
chemistry, and more re c e n t ly  in biophysics and biochem istry .
NMR theory i s  well e s tab lish ed  and has been ex ten s iv e ly  described by 
many au thors , (F arrar  and Becker 1971, S l ic h te r  1978a, Abragam 1961). 
In t h i s  chapter only an o u t l in e  of the basic  theory w i l l  be given as an 
in troduction  to  NMR imaging.
1.2 THE BASIC INTERACTION
Many atomic nuc le i  possess spin angular momentum. The magnitude of 
th i s  angular momentum , depends on the  nuclear spin quantum number I 
and is  given by
I J j  = *  / I ( I + 1  j
. . . 1.1
Nuclei are p o s i t iv e ly  charged, and the possession o f  charge and spin 
gives r i s e  to  a magnetic moment. Thus, such a nucleus possesses a
two vectors  are c o l l in e a r  so th a t
JL T y£
. . . 1.2
where 6 is  a s c a la r  and ca l led  the * r a t i o ' .
In quantum theory, |j and J are t re a te d  as vector o p era to rs .  A
dimensionless spin angular momentum operator I may be defined as
J  = fil
. . . 1 . 3
where fi i s  P lanck 's  const ant/2TT.
A nucleus with a net magnetic moment placed in a magnetic f i e ld  B has 
an in te ra c t io n  energy with th a t  f ie ld  of -JJ.B . Thus the  Hamiltonian 
for such an in te ra c t io n  i s ,
H  =  - j j  •  IJ
. . . 1 . 4
Which from equations 1.2 and 1.3 can be w ritten  as
H  * -yfiB • I ' '
. . . 1 . 5
Taking the f ie ld  Bo, to  be s t a t i c  and along the z -d i re c t io n ,  then t h i s  
becomes
H  = -yfiB0Iz
. . .  1.6
The energy eigenvalues o f  t h i s  Hamiltonian are given by
E = -yRB-m m ' 0
. . . 1 . 7
where m is  the  magnetic spin quantum number and can take values 1 ,1 -1 . .  
- I .  These Zeeman energy le v e ls  are th e re fo re  equally  spaced, the 
d is tance  between adjacent ones being KfiBo. By applying a quantum of 
energy equal to the  energy sep ara t io n ,  t r a n s i t io n s  between le v e ls  can 
be induced.
The in te ra c t io n  most commonly used to s tim ula te  a t r a n s i t i o n  i s  an 
a l te rn a t in g  magnetic f ie id  applied  perpendicular to  the  s t a t i c  f i e ld .
I f  the  a l te rn a t in g  f ie ld  i s  given by,
Bi = iBxcosut
. . . 1.8
where &> is  the  angular frequency o f  the  f ie ld  corresponding to  the 
t r a n s i t io n  energy and i i s  a u n i t  vector in the  x -d ir e c t io n .  A 
perturb ing  term in the  Hamiltonian i s  produced,
S-f . = -yRBx Ixcosut pe r t
. . . 1 . 9
The operator Ix has matrix elements between s ta t e s  m and m1, (mMlx|m),
which vanish unless  m’=m+1. Consequently , the  allowed t r a n s i t i o n s  are
between le v e ls  adjacent in  energy, when
Hu = AE = rhB0
. . . 1.10
whereAE is  the energy d iffe ren ce  between adjacent l e v e l s .  From 
equation 1.10 we can w rite
3
u *  yB0
. . . 1.11
THE RESONANCE CONDITION
1.3 MACROSCOPIC MAGNETISATION
In the absence of a magnetic f i e ld ,  the  magnetic moments o f  an ensemble 
o f  nuc le i are randomly o r ie n ta te d .  When placed in a magnetic f i e ld ,  
the  sp ins r e o r ie n ta te  themselves with re sp ec t to  the f i e ld  according to 
t h e i r  quantum number m. The Boltzmann d is t r ib u t io n  s l i g h t ly  favours 
the  lower energy s ta t e  thus th e re  are more nucle i aligned with the  
f ie ld  than against i t ,  giving a ne t magnetisation in  the f ie ld  
d i r e c t io n .  According to the Boltzmann law of s t a t i s t i c a l  mechanics, 
the  population p of the energy le v e ls  i s  proportional to  exp(-Em/kT). 
Thus, the net magnetisation o f  a sample containing N sp ins  w i l l  be
I
N^ ft m expCE^/kT)
rM =
m
m=~-I
Zexp(E /kT) mm= - I  „. . .  1.12
Em=m1SfiBo and in nuclear magnetism, fcfiBo/kT i s  almost always a very 
small number, thus i t  i s  v a lid  to  make a l in e a r  expansion o f  the  
exponential term, giving
I
, 2J
H =   . = --------------------
kT 21+1 3kT
. . . 1 . 1 3
M = Ny**2B0
4kT
. . .1 .1 4
The resonance e f f e c t  observed depends upon the  s iz e  of t h i s  net 
magnetisation, and since 2fiBo/kT<<1, i t  i s  obvious th a t  NMR has an 
inheren tly  low s e n s i t i v i t y .
The t o t a l  number o f  sp ins in a sample rem ainsconstant, but t r a n s i t io n s  
between s ta t e s  can be caused by the  ap p lica t io n  o f  a resonant 
radiofrequency (RF) f i e ld .  The p ro b a b i l i ty  of s tim u la ting  a t r a n s i t io n  
i s  p roportional to the power of the  a l t e rn a t in g  f i e ld .  I f  the  RF f ie ld  
is  s u f f ic ie n t ly  strong and applied fo r  a s u f f i c i e n t  time the  
populations of the energy le v e ls  can be equalised . In t h i s  s i tu a t io n ,  
termed ' s a t u r a t i o n ' f the energy absorbed by the spin system is  a 
maximum and an increase  in the  RF power w il l  not lead to  increased 
energy absorption.
At the end of the RF pu lse , some mechanism or mechanisms must e x i s t  
th a t  allow the observed re tu rn  of the  system to the equilibrium  s t a t e .  
To r e -e s ta b l i s h  equilibrium a process i s  needed which t r a n s f e r s  sp ins  
from one energy level to  another. The r a t e  o f  spontaneous t r a n s i t i o n s  
i s  very low and does not explain what i s  observed, th e re fo re  some o ther 
mechanisms must be involved. For the  t r a n s f e r  of  a quantum of energy 
to  occur, an induced t r a n s i t io n  in the  spin system is  believed to  be be 
accompanied by a complementary one in  i t s  surroundings, the  l a t t i c e .  
In nearly  a l l  s i tu a t io n s  the  heat capac ity  of the  spin system i s  very 
small compared with th a t  of the l a t t i c e ,  and so the l a t t i c e  could be 
thought o f  as acting  as an i n f i n i t e  hea t r e s e rv o i r .  The population
5
s t a t i s t i c s ,  and thus th e re  are  more ways fo r the  l a t t i c e  to  absorb 
energy than th e re  are for i t  to  lose  i t .  Therefore, th e re  i s  a net 
t r a n s f e r  o f  energy from the spin system, (the energy i t  gained from the 
RF f i e l d ) ,  to  the l a t t i c e  as the  spin system approaches equilibrium . 
The r a t i o  o f  the  upward and downward t r a n s i t io n  p r o b a b i l i t i e s ,  Wf and 
WJr re sp e c t iv e ly ,  of the  spin system produced by the  coupling of the  
sp ins  to  the  l a t t i c e  i s  p roportional to  the Boltzmann fa c to r ,  th a t  i s
Wf FaeI
■  expM
 1-15
where T i s  the  l a t t i c e  temperature and AE=ifftBo, the  energy d iffe rence  
of the  Zeeman energy le v e ls .
Consider an ensemble of spin 1/2 n u c le i .  I f  the populations o f  the 
upper and lower spin s ta te s  are N+ and N_ re sp e c t iv e ly ,  then the r a te  
o f change of the  populations i s
dN+ = -dN = N W+ -  N Wf 
d t+ d t” ”
. . . 1 .1 6
or
dn = fl(Wf - Wf) -  n(Wf + Wf) 
d t
. . . 1 .1 7
where n=N+ -N_ and NrN^+N-. This describes  the  approach o f  the spin 
ensemble towards thermal equilibrium  with the  l a t t i c e .  I t  can be 
re -w r i t te n  as
This has the  so lu tion
n = n0A exp(-t/T j)
. . . 1.20
T1 i s  the c h a r a c te r i s t i c  time associated  with the  approach to  thermal 
equilibrium , and is  ca l led  the " s p in - l a t t i c e  re la x a t io n  time” . The 
s p in - l a t t i c e  re lax a tio n  in te ra c t io n s  cause the  spin s t a t e s  to  have a 
f i n i t e  l i f e - t im e .  There are also  processes which vary the  r e l a t iv e  
energies o f  the spin le v e ls  without inducing net t r a n s i t i o n s .  
In te ra c t io n s  between the  sp ins can a f fe c t  the lo c a l  f i e ld  experienced 
by each spin and thus cause a spread in the resonant frequency, such 
processes cause phase incoherence and are ch a rac te r ised  by a time 
constant T2, ca lled  the "sp in-sp in  re lax a tio n "  time.
1.4 RELAXATION
T ransitions  between energy le v e ls  can take place because th e re  e x i s t  
couplings between the  nuclear magnetic moments and th e i r  surroundings. 
The couplings must have a su i ta b le  time dependence to  be "resonant" 
with the system. As molecules move about, the  motions o f  t h e i r  nuclear 
magnetic moments generate f lu c tu a tin g  magnetic f i e ld s ,  these  behave 
l ik e  the  RF f ie ld  and allow t r a n s i t io n s  to  take p lace . T1 re la x a t io n  
processes a r is e  from f lu c ta t in g  magnetic f i e ld s  with components in  the
th ree  d i re c t io n s .  The c o r re la t io n  time TTc, may be defined as the
"average” time between molecular c o l l i s io n s  for a molecule in a s t a t e  
of motion. When 'tc  i s  such th a t  th e re  are la rg e  fo u r ie r  components of  
the  motion a t  the resonance frequency, the  re lax a t io n  i s  a t  i t s  most 
e f f i c i e n t ,  thus the  system w il l  re lax  most rap id ly  when '£c=1/toft.
A number o f  d i f f e re n t  physica l in te ra c t io n s  have been found to  be 
important in coupling the n uc le i  to  the l a t t i c e  or to  each o th e r ,  and 
hence provide a l in k  through which energy can be exchanged.
(a) The magnetic d ipole  moment in te r a c t s  with:
( i )  other nuclear d ipole  moments, the  magnetic d ip o le -d ip o le  
in te ra c t io n ;  ( i i )  magnetic f i e ld s  a r is in g  from o r b i t a l  motion, giving 
r i s e  to  chemical s h i f t s ;  a n d ( i i i )  the e lec tro n  spin moment, e ,g ,  the 
Knight s h i f t  in m etals.
(b) The e l e c t r i c  quadrupole moment in te r a c t s  with the  e l e c t r i c  f ie ld  
g rad ien ts  a r is in g  from the e le c tro n s  and the charges o f  o ther  n u c le i .
1.M.1 The Magnetic Dipole-Dipole In te ra c t io n
The most important o f  these fo r re la x a t io n  processes, fo r  the  spin 1/2 
b io lo g ica l  nuc le i ,  is  the  d i r e c t  magnetic d ip o le -d ip o le  in te ra c t io n .  
The nuclear magnetic moments produce lo c a l  magnetic f i e ld s  with which 
neighbouring nuclear moments couple. This mutual coupling depends on 
the  d is tance  between the  moments, t h e i r  magnitude and the o r ie n ta t io n s  
o f  the in te rnuc lear  vec tors  with re sp e c t  to  the ex te rn a l  f i e ld  Bo.
The c la s s ic a l  in te ra c t io n  energy E between two magnetic moments jj, and
8
JL • jh 3U1 # £)(ib ' r )
Where r  i s  the  rad ius  vector from ^ f to  . In the  quantum mechanical 
treatm ent jj(and J^are  taken as o p era to rs .
Jh = Jh =
. . . 1.22
The general d ipo la r  co n tr ib u tio n  to  the Hamiltonian fo r  N sp ins  becomes
n n
H DD
'  -Ejk)(^k  •
rj=1 k=1 u jk Jk
. . . 1.23
(the 1/2 i s  required so th a t  each p a i r  i s  only summed once).
Consider two id e n t ic a l  n u c le i ,  1 and 2, both of spin 1/2, then the  
d ipo le -d ip o le  Hamiltonian, following transform ation  to  sp h erica l
coord ina tes , becomes
where
= [a+B+C+D+E+f ]DD r* . . .  1.21*
A = (1-3cos2e ) l z t I z 2 
B = ‘j ( l - 3 c o s 2e ) ( l 1+i J _ + I , _ I J + )
9
_'X
C = J  Sinecoseexp(-i$)( l z xI 2+ + I i+I z 2)
D = ~  sine cose exp(i4>)(lz1I 2 _ + I j ^ I z 2 )
E * s in 2eexp(-2i4>)ll+I 2 +
F = sin*6exp(2 i^ )l1 I 2_
. . .1 .2 5
Raising and lowering operators  have been in troduced, I^ r lx + i l^  and I .  
= I* -iId re sp e c t iv e ly .  There are  four p o ss ib le  combinations of these  
two sp ins , giving four possib le  energy le v e l s ,  two of which have the  
same energy and so are  degenerate. The possib le  t r a n s i t i o n s  associated  
with the terms are shown in Fig. 1.1.
-  ++  -
+ +
Fig. 1.1 Possib le  t r a n s i t io n s  between energy le v e ls  assoc ia ted  with the  
terms A-F.
A corresponds to  the in te ra c t io n  with the  s t a t i c  component o f  the lo c a l  
magnetic f i e ld .  This in te ra c t io n  can change the  energy of the  le v e ls  
but i t  does not r a i s e  the degeneracy. B can only f l i p  one spin up with 
the simultaneous lowering of the o ther coupled sp in . C and D each f l i p  
one spin only and jo in  s ta te s  which d i f f e r  by"tiw in energy. E and F 
f l i p  both sp ins up or both down and jo in  s t a t e s  which d i f f e r  in  energy
10
con tr ibu te  to  s p in - l a t t i c e  re la x a t io n  only to  sp in -sp in  re la x a t io n .  
C-F a l t e r  the  ne t  populations o f  the nuclear s t a t e s  and so con tr ibu te  
to  both re la x a t io n  mechanisms. In a l iq u id  rapid motions cause 
terms to  f lu c tu a te  randomly causing (/-3co$&) to  average to  zero on the  
NMR tim escale  and so A and B do not co n tr ib u te  to  e i th e r  re lax a t io n  
process. Thus, in a pure l iq u id  T1=T2.
1 .4.2 The E le c tr ic  Quadrupole Coupling
Nuclei with I>1/2, have an e l e c t r i c  quadrupole moment, un less  due to  
molecular symmetry the  quadrupole coupling constant equals zero. An 
example of such a nucleus in  b io lo g ica l  systems i s  sodium (Na), where 
1=3/2. The f lu c tu a t io n s  o f  the  e l e c t r i c  quadrupole moment coupling 
with the lo c a l  f ie ld  g rad ien ts  can lead to  very e f f i c i e n t  r e la x a t io n s .  
As the molecule r e o r ie n ta te s ,  the quadrupole coupling becomes random in 
time and provides a re la x t io n  mechanism for T1 and T2.
1.4.3 The Chemical S h if t
In the  presence of an applied magnetic f i e ld ,  the  t o t a l  f ie ld  the 
nucleus ac tu a l ly  experiences i s  Beff=Bo( 1-cr), where cr i s  a sh ie ld in g  
fa c to r ,  which depends on the  e lec tro n  d i s t r ib u t io n  around the  nucleus 
and the o r ie n ta t io n  o f  the d i s t r ib u t io n  in  th e  f i e ld .  This sh ie ld in g  
causes two e f f e c t s ,  a s h i f t  in  the  resonance frequency to =(o (1 -cr), and 
re la x a tio n .  The rap id  molecular motions o f  molecules in a l iq u id  mean 
the  nucleus 1 sees ' an average chemical s h i f t  value . However, on a 
sh o rte r  time sca le  i t  sees f lu c tu a t io n s  in  the  lo c a l  magnetic f i e ld ,
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Hamiltonian i s  time dependent and provides a re lax a tio n  mechanism.
For hydrogen nucle i in  a b io lo g ic a l  s i tu a t io n  the  chemical s h i f t  i s  
small and i s  not an important re la x a t io n  mechanism. The chemical s h i f t  
i s  normally expressed in ppm of the  f i e ld .
1.5 THE EQUATIONS OF MOTION OF THE NUCLEAR MAGNETISATION
1.5.1 THE CLASSICAL APPROACH
1.5 .1 .1  The Basic In te rac t io n
A nucleus with a magnetic moment jj, when placed in a magnetic f ie ld  B, 
experiences a torque which produces a change in the angular momentum J .
dJ = £  X B
eft
. . . 1 .2 6
or from equation 1.2
dn = Y£ X J*
dt
. . . 1 .2 7
and
dJ = YJ X B
. . . 1 . 2 8
I f  B i s  s t a t i c  and in the z -d ire c t io n  then 1.28 becomes
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dJ * yJ  X Bz k 
<3X
. . .1 .2 9
The component o f  angular momentum along the z -a x is ,  Jz, i s  seen from 
in te g ra t io n  o f  1.29 to  be cons tan t,  and th e re fo re  the angle cc which J 
makes with the z-axis  i s  constan t
Jz = | j | c o s a
. . . 1.30
Solving 1.29 for the x and -y components o f  angular momentum gives
Jx = Acos(--yBzt+B)
Jy = Asin(-YBzt+B)
. . .1 .3 1
where A and f> are constan ts  determined by the  i n i t i a l  p o s it io n  o f  J . 
Thus, the  p ro jec tion  of J onto the x-y plane i s  of  constan t magnitude 
A= | J |  sintx, but r o ta te s  with an angular v e lo c i ty  6>=BB. The complete 
so lu tio n  for the motion o f  angular momentum is  thus
J^(t) = | J i ^isinacos(ut+B) + jsinasin(ut+B) + kcosa)
. . . 1.32
This equation also describes the  motion o f  the  magnetic moment i f  _J and 
I j la re  replaced by ^ and ||il. The motion i s  such th a t  the  magnitudes o f  |J 
and J remain constan t, but t h e i r  d i re c t io n s  ’'precess" a t  a constan t 
angle or and with a constant angular v e lo c i ty ,  a t  the  Larmor frequency 
G)„ about the  d ire c t io n  o f  the  applied f ie ld  B.
13
Bloch developed a d esc r ip t io n  o f  the  magnetic resonance phenomenon 
exhibited  by ensembles of nuclear sp ins so le ly  from a c l a s s i c a l  b a s is .  
Consider equation 1.27
This i s  the  equation o f  motion fo r the macroscopic m agnetisation in  a 
magnetic f ie ld  B, but i t  takes no account o f  the  r e la x a t io n  e f f e c t s .  
Bloch assumed th a t  the  components o f  M decay exponentia lly  to  Mo (the 
equilibrium  m agnetisation), but he allowed those p a r a l l e l  and those 
perpendicular to  Mo to  decay with d i f f e r e n t  time constan ts  T1 and T2, 
the  long itud ina l  and transverse  re lax a t io n  r a t e s .  That i s ,  he sa id  the 
s p in - l a t t i c e  and sp in -sp in  re la x a tio n  times could be approximated by 
f i r s t  order r a te  processes, and so
d_U =  JL X yB 
d t
I f  M is  the vector sum of the  magnetic moments, th a t  i s
a l l  i
1.33
then
dM = M XyB
s i
• • • 1.3^
dM = yM X B -  i  Mx + j  My -  k(Mz -  M0)
a t  “  “  “ t ;------------- ^ -----
1.35
In general B i s  the  sum of the  s t a t i c  f ie ld  Bo and the applied  RF f i e ld  
Bt . The a l te rn a t in g  RF f ie ld  may be expressed as
c 2Bxcosu>t
 1.36
This can be decomposed in to  the sum of two c i r c u la r ly  p o la r ised  f i e ld s  
ro ta t in g  in opposite d i re c t io n s
Bj = Bj (i^ cos(±wt)+j^ s in ( ± u t ) )
. . . 1 .3 7
Only one component, with angular v e lo c i ty  hu, couples w ith the  
m agnetisation, the o ther i s  2<o off-resonance and has n e g l ib le  e f f e c t ,  
thus
B, = i Bjcosut - ji BjSinut
. . . 1 .3 8
and so
IB = _i BjCosut -  BjSinut + k B0
. . . 1 .3 9
The complete Bloch equations are
dMx * y(MyB0 + MzBl s in u t)  -  Mx/Ta 
dt
dMy = yCMzBjCOsut -  MxB0) -  My/Ta 
dt
dMz = -Y(MxB1s in u t  + MyBxcosu)t) -  (Mz -  M0)/T. 
d t
. . . 1 .4 0
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For fu r th e r  ana ly s is  o f  the motion o f  sp ins  i t  i s  conceptually  e a s ie r  
to  an a ly s is  the  behaviour o f  the m agnetisation in a frame (x , fy , , z ’ )
which r o ta te s  a t  an angular frequency co about the  z-ax is  such th a t  the
RF f ie ld  appears s t a t i c  in t h i s  ro ta t in g  frame.
In t h i s  case the  uniform motion o f  a vector M observed in the  r o ta t in g
frame i s  r e la te d  to the motion observed in the s t a t i c  frame by the  
transform ation
. . .1 .4 1
The re la x a t io n  r a te s  may be described by the same time con s tan ts  as 
before . Thus
f S l  * TM X (B +  o/ir) -  j^Mx' + -  k'(Mz' -  M0)
ld t -»rot
. . . 1 .4 2
where i ’ , j ’ , k ’ anc* Mx’ f My’ and Mz’ are re sp ec tiv e ly  the u n i t  v e c to rs  
and the components of the m agnetisation in the  ro ta t in g  frame and where 
k ’=k and Mz’ =Mz. In the  ro ta t in g  frame the  magnetisation appears to  
precess about an e f fe c t iv e  f i e ld ,  Beff=B+*r/g , made up o f  the  f i e ld  in 
the  labo ra to ry  frame and a ’f i c t i t i o u s  f i e l d ’ which a r i s e s  from
the e f f e c t s  o f  ro ta t io n .  Since the  RF f ie ld  is  s t a t i c  in t h i s  frame
®eff  = JL> + u/y  + i.'B1
. . . 1 . 4 3
The angle between Beff and B i s
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6 * arctan(B,/(Bp + o/ t))c]
At thermal equilibrium  M is  along the z -d i re c t io n .  The torque 
experienced by M depends on sintf, and fo r a constant value o f  B i t  i s  
apparent th a t  maximum torque occurs when 0'=ir/2 ,  i . e .  when Bo=M/fc and 
the sense of the RF ro ta t io n  i s  the  same as th a t  o f  the  Larmor 
p recession . The precession frequency o f  M about Beff i s
£  = I )2 + (yBx )2 11/ 2
. . .1 .H 5
At resonance and the  m agnetisation precesses about the  d i re c t io n
of Bfwith an angular frequency of In a time tp(seconds) the angle
through which M precesses i s  given by
6 = yB, t  (radians)
P
...1.116
I f  0=90° ,then the  RF pulse i s  ca lled  a 90°pu lse , and when 0=180* a 180 
pulse . When working s l ig h t ly  o f f  resonance, providing B, ,
the  response o f  the off-resonance nucle i approximates to  the  response 
of those on resonance.
1 .5 .2 THE QUANTUM MECHANICAL APPROACH
The equation of motion of the spin angular momentum operator 1^ i s
-Midi = [ W , l ]  
at
. . . 1 . H 7
where i= V-1 and hB, .1 .  Therefore
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-i-fidjC = -  [yfi B • I . l ]
arr ~  —
. . .1 .4 8
Using the commutative r e la t io n s  for the  components o f  the  spin angular 
momentum, i t  can be shown th a t
dlz *  r { l  X B) 
d t “ z
. . .1 .4 9
Since |j= *fil, we have the  equation o f  motion fo r the expectation  value 
o f  the magnetic moment
a <p> *= T<j£> x b
dt
. . . 1 .5 0
This i s  ju s t  the  c la s s ic a l  equation, i . e .  the  expecta tion  value of the 
magnetic moment obeys the  c la s s ic a l  equation o f  motion. In a f i r s t  
approximation the  sp ins do not i n t e r a c t  with each o ther and equation 
1.50 holds t ru e  for the  expectation value o f  the  t o t a l  m agnetisation. 
The experim entally  determined bulk m agnetisation i s  the  expectation  
value of the  t o t a l  magnetic moment. Therefore the  c l a s s i c a l  equation 
c o r re c t ly  describes  the  dynamics o f  the  m agnetisation provided the 
spins are n o n - in te rac t in g  or a t  most very weakly in te ra c t in g  with one 
another, as in  a l iq u id .  In add ition  equation 1.50 holds t ru e  fo r a 
time-dependent 13 and allows the  conceptually  e a s ie r  c l a s s i c a l  
d esc rip tio n  to  be used for studying the dynamics o f  the  nuclear 
m agnetisation.
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CHAPTER2 IMAGING METHODS
2.1 INTRODUCTION
In t h i s  chapter the cu rren t methods of obtaining NMR images are 
o u tl in ed , with p a r t ic u la r  re fe rence  to  those used fo r th e  research  
described in t h i s  t h e s i s .  Further surveys are presented in severa l 
recen t p u b lica t io n s ,  (Mansfield and Morris 1982a, Kaufman e t  a l  1981).
The imaging method presen ts  data  from the in te rn a l  s t ru c tu re  of an 
o b jec t  in an e a s i ly  understood v isua l  form. The idea o f  p resenting
information about a body in the  form of s l i c e s  has been used to  g rea t
e f f e c t .  I t  was f i r s t  used in X-ray tomography, which has been
e n th u s ia s t ic a l ly  accepted as a d iagnostic  to o l .  X-ray scanners, 
however, do have some undesirable  c h a r a c te r i s t i c s ,  the  most s ig n i f ic a n t  
being the r e l a t iv e ly  la rg e  amounts of ion is ing  ra d ia t io n  (~1Rad per 
scan), which are used. The NMR technique a lso  produces s l i c e s  through 
the o b jec t ,  the d i re c t io n  o f  a s l i c e  being co n tro lled  by f ie ld
g rad ien ts .  The technique i s  non-invasive, the experiments are pa in less  
and there  are no known i l l - e f f e c t s  (NRPB 1981).
When NMR imaging is  applied in medicine and biology, the  nucleus which 
i s  almost always under in v e s t ig a t io n  i s  th a t  of hydrogen i . e .  a s in g le  
proton. Table 2.1 shows the  high NMR s e n s i t iv i ty  o f  hydrogen compared 
with o ther b io lo g ica l  n u c le i .
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Nucleus Spin
quantum
number
Resonance 
frequency 
at 5T, 
in MHz
Natural
abundance
(%)
Relative 
sensitivity 
at constant 
fie ld 1
*H 1/2 213.0 99.98 100
*D 1 32.7 0.0156 1.5 X 10'4
“ C 1/2 53.5 1.1 1.6 X 10’ J
,4N 1 15.4 99.6 1.0 X 10-'isN 1/2 21.6 0.36 3.7 X 10-4
i»F 1/2 200.0 100.0 83.0
MNa 3/2 56.3 100.0 9.3»>p 1/2 86.2 100.0 6.6
3ia 3/2 20.9 75.4 3.5 X 10-‘
,9K 3/2 9.9 9.1 4.6 X 10-1
2.1 The Magnetic Resonance p ro p e r t i e s  of some b io lo g ic a l ly
re levan t  nu c le i .
R e l a t i v e  s e n s i t i v i t y  i s  the  NMR s e n s i t i v i t y  o f  the nucleus r e l a t i v e  to  
t h a t  of  an equal number of  protons ,  m ul t ip l ied  by the  percentage 
na tu ra l  abundance. (Gadian 1982)
The NMR s ignal  from such systems i s  dominated by the  i n t r a c e l l u l a r  
water in  the t i s s u e s ,  with con t r ibu t ions  of  upto 2 0% from f a t s .  
Signals from hydrogen in p ro te ins  and other  la rge  molecules are  not 
normally observed. An NMR image represen ts  the d i s t r i b u t i o n  of  the 
resonant nuc le i ,  in t h i s  case mobile protons. However, the  image need 
not be a simple dens i ty  map, i t  i s  a lso possib le  to  d i f f e r e n t i a t e  
between regions of  the specimen which have d i f f e r e n t  r e lax a t io n  times 
or d if fus ion  c o e f f i c i e n t s ,  even when the  proton dens i ty  i s  s im i l a r .  
These add i t ional  parameters o f fe r  g rea t  promise as a means of  
cha rac te r is ing  heal thy t i s s u e s  and diagnosing c e r t a in  patho log ica l  
condit ions.
In the l a s t  eleven years many NMR imaging schemes have been developed 
each with i t s  r e l a t i v e  advantages and disadvantages. They a l l  r e l y  on 
the preparat ion and/or observat ion of  the spin system in one or more 
magnetic f i e ld  g rad ien ts .  The ind iv idua l  schemes d i f f e r  in  the  s ty l e  
and manner in which the f i e ld  g rad ien ts  and the radiofrequency (RF)
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gradient  i s  applied whils t  the s igna l  i s  being sampled then the  
frequency of  the s ignal  corresponds to  i t s  po s i t io n ,  or i f  a shor t  
bu rs t  o f  gradient  f i e ld  i s  applied before  sampling then the 
radiofrequency phase can be var ied  with respec t  to  pos i t ion .  I f  the 
phase and/or frequency d i s t r i b u t io n  imposed upon a sample i s  known, the 
r e s u l t i n g  s igna ls  can be decoded* and an image formed.
2.2 ONE-DIMENSIONAL IMAGING
In some ea r ly  experiments the information was r e s t r i c t e d  to  a s in g le  
l i n e  or point  within the specimen, e .g  the s e n s i t i v e  point method,
»
(Hinshaw 1976). Hinshaw solved the Bloch equations  for  a s t r i n g  of  90
Opulses ,  which d i f f e r  in phase from one to  the next by 180. He showed 
th a t  the magnetisation a f t e r  each pu lse ,  when a steady s t a t e  has been 
reached i s
<-/ 7 > r a
. . . 2.1
when the  pulses  are c lose ly  spaced, ^<1 2 , and o f f  resonance by an 
amount &y=k k / t ,  where k i s  an odd in teg e r .  Thus h a l f  o f  the f u l l  
equi librium magnetisation i s  cont inuously in the  x-y plane and induces 
a la rge  continuous s ig n a l .  A requirement fo r  the steady s t a t e  to  be 
achieved i s  t h a t  the f i e ld  remains s t a t i c .  Three o s c i l l a t i n g  g rad ien ts  
are applied such t h a t  only a t  the cen tre  point i s  the  steady s t a t e  s e t  
up. By changing the cur ren ts  in the  g rad ien t  c o i l s  the  s e n s i t i v e  point  
can be moved through the objec t  and the image b u i l t  up. I f  one s t a t i c  
gradient  and two o s c i l l a t i n g  f i e ld  g rad ien ts  are used, the  l a t t e r
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spins  to  be d i f f e r e n t i a t e d  along t h a t  l i n e .  A s ing le  sweep of  the  
se n s i t iv e  l i n e  across the sample gives a t h in  2D sec t ion  of  the image.
An a l t e r n a t iv e  technique has been to  use a d e l ib e r a te ly  warped Bo, with 
only a s ing le  small region where the f i e ld  i s  uniform enough for  a 
st rong monochromatic s ignal  to be obtained,  (Damadian e t  a l  1976). The 
region i s  scanned across the image plane by phys ica l ly  moving the 
magnet or ob jec t .
The advantages of  such methods are t h a t  a small region of  the sample 
can be inves t iga ted  without acquir ing equivalent  data from the 
remainder of  the sample. The demands upon the  uniformity of  the 
magnetic f i e ld  are much weaker. And fu r th e r ,  the s ing le  point methods 
avoid fou r ie r  transformat ion and recons t ruc t ion  c a lc u la t io n s  and 
d ig i t i z a t i o n  i s  not necessary as the image can be p lo t ted  d i r e c t l y  
using an X-Y recorder .
However, the biggest  disadvantage i s  the very long scan times required 
to build up an image from these  points  and for  speed two- or t h r e e -  
dimensional imaging is  now almost u n ive rsa l ly  used.
2.3 TWO-DIMENSIONAL IMAGING
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Although i t  i s  poss ib le  to  perform NMR imaging in th ree  dimensions i t  
i s  more common to  f i r s t  def ine  a s l i c e  through the sample and then 
encode for  s p a t i a l  i d e n t i f i c a t i o n  within t h a t  2D s l i c e .  There are 
several  methods ava i lab le  to  acheive t h i s  plane s e le c t io n .  O sc i l l a t in g  
f ie ld  gradients  can be used such t h a t  only one plane remains time 
independent (Hinshaw et  a l  1977), or s t a t i c  g rad ien ts  appl ied to 
phase-encode the s l i c e  (Kumar e t  a l  1975). A l te rna t ive ly  shaped RF 
pulses  combined with a g rad ien t  in the required d i re c t io n  can be used 
to s e le c t iv e ly  exc i te  a small band of  frequencies  corresponding to the 
s l i c e  of  i n t e r e s t ,  ( s e l e c t iv e  e x c i t a t i o n ) .  Or, the RF pulses  can be 
applied to the sample such t h a t  a l l  spins except those in a narrow 
region are sa tura ted  ( s e l e c t iv e  s a tu r a t i o n ) ,  ( for  example Garroway e t  
a l  1974, Mansfield e t  a l  1979). This l a t t e r  technique r eq u i re s  high 
power RF pulses with a good dynamic range and so s e l e c t iv e  e x c i t a t io n  
i s  p re fe r red .  F ina l ly ,  the s igna l  i s  r e s t r i c t e d  by the s e n s i t i v i t y  of  
the receiver  c o i l ,  but t h i s  gives a wide non-rectangular  band and i s  
not of  g rea t  value.
An a l t e rn a t in g  gradient  technique was o r ig in a l ly  used a t  Surrey 
/9 S /  : ) ,  which was a v a r ien t  of  the  phase encoding concept u t i l i s e d  by 
Edelstein (Edelstein e t  a l  1980) and Kumar. This technique uses a 
spin-echo pulse sequence for  data c o l lec t io n  coupled with a con t ro l led  
phase s h i f t  within the  sequence produced by weak time-varying magnetic 
f ie ld  g rad ien ts .  Along a l i n e  of spins  in the d i r e c t io n  of  the 
time-varying gradient ,  the  accumulated phases a t  t= 2T vary l i n e a r l y  
with d is tance .  Thus the amplitude of  the s igna l  read with a 
phase-sensi t ive  de tec tor  from consecutive poin ts  along the l i n e  w i l l  
o s c i l l a t e  s inuso ida l ly  with d is tance .  These s p a t i a l  f requencies  can be
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time in the  spin-echo sequence, for  a s t a t i c  gradient Gr ,0 applied at
p ro jec t ion  angle 0 and a t r a n s i e n t  gradient  Gy applied for  a time T i s
given by
M*(Gy , t )  = Jdr jdy M f ( r , y ) e x p ( - t / T 2)exp(iyGr> ^expC iyG yyT)
. . . 2 . 2
This technique however i s  time consuming when only a s in g le  s l i c e  i s  
required since i t  automatical ly  encodes as many planes as the re  are 
switched g rad ien ts ,  and the plane th ickness  i s  equal to the r a t i o  of  
the sample length to  the number of  switched g rad ien ts .  Furthermore, 
the s l i c e s  i t  i r r a d i a t e s  are not n ecessa r i ly  rec tangula r  as des i red ,
but depend on the choice of  gradient  values .
An a l t e r n a t iv e  method i s  to  use a shaped RF pulse and a s t a t i c  
grad ien t .  The short  RF pulse normally used i r r a d i a t e s  a wide frequency 
band, whereas a longer ,  shaped pulse i r r a d i a t e s  a smaller band which i s  
defined by a g rad ien t .
Consider the system in the  r o ta t i n g  frame as shown in f i g . 2.1 .
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Fig. 2.1 The ro ta t in g  frame used to describe  the motion for  the 
magnet isation.
M w i l l  precess about Beff in the r o ta t i n g  reference frame. For a 
rec tangular  pulse the angle through which the magnet isation i s  t ipped  
i s  given by
For the amplitude of  a t a i l o r e d  pulse t h i s  becomes an i n t e g r a l  from
e = yBit
which the necessary amplitude of  _B(t) to give a 90° t i p  can be 
calcula ted
t
e
To ca lc u la te  the shape of  the B( t )  needed to  i r r a d i a t e  a r ec tangu la r  
frequency band we need to solve the Bloch equation
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Am = («]( YBgffjAt
. . . 2 . 5
where
®eff = £*(*) + Bgk
. •.2.6
and Bg is  the  f i e ld  due to  the grad ien t .
For the  so lu t ion  in the shaped pulse case , i t  i s  no longer usefu l  to
use the  r o ta t i n g  frame concept since the  angle the e f f e c t iv e  B f i e ld  
makes with the  x-axis  v a r ie s  with time and i t  i s  th e re fo re  d i f f i c u l t  to
see how the magnetisation precesses  about such a f i e l d .  The r e s u l t i n g
Bloch equations.
g x  -  * *  +
dM = - Y B J 4 X -2!v - YBi(t)M_ 
dt s  Tj
dMz = Y Bx (t)My - > Mo)
dt  Ti . . . 2 .7
can be solved numerically on a computer for  any p a r t i c u l a r  shape of  
B( t ) .  Although the spin magnetisation r e a c t s  in a non- l inea r  way to  an—i
oRF pulse ,  t h i s  approach i s  val id  for shor t  pu lses ,  such as 90 pu lse s .  
To obta in  a rec tangular  i r r a d i a t i o n  in frequency one would need to  use 
an i n f i n i t e l y  long sinc-shaped pulse.  Truncation of  t h i s  pulse
produces the i r r a d i a t e d  shape below, F ig .2.2.
26
F ig . 2 . %/>r-os//vj B>, of a truncated 3-node s ine  funct ion
The r ip p le s  and s ide- lobes  are due to  the f a c t  t h a t  the  s ine  was 
t runcated .  The bes t  r e s u l t  i s  obtained by using a s ine  modulated with 
a Gaussian shape as shown in f i g . 2.3. The c r i t e r i a  for  s e le c t io n  being 
as small as poss ib le  amplitude outs ide  the  ce n t ra l  reg ion ,  s tee p es t  
possib le  s ides  and the most uniform amplitude within the c e n t ra l  
region.
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F i g .2 .3 'Sb/'* foQ/t>c/t£fnsus/*j &, of  a truncated 3-node s ine  weighted with 
a Gaussian.
The phase of the response i s  a f a i r l y  l i n e a r  function of  the 
frequency, at  l e a s t  within most o f  the region where the  sp ins  were
O
excited by the s e le c t iv e  90 pulse .  This phase d i s t r i b u t i o n  can be 
overcome by reve rsa l  of  the gradient  a t  the end of  the pu lse ,  which 
causes the magnetisation to  rephase such t h a t  a refocused s igna l  w i l l  
occur a t  some l a t e r  t ime.  This time i s  dependent on the  g rad ien t
O
strength  and the i n t e n s i t y  of  the preceeding pulse .  The s e le c t iv e  180 
i s  more d i f f i c u l t  to  implement, due to  the n o n - l in e a r i ty  o f  the  Bloch 
equations,  and in severa l cases workers use a non-se lec t ive  180° pulse
o ore ly ing  on the 90 pulse for s e le c t io n .  Locher implemented a 180 pulse
oby leaving the 90 pulse on for  twice as long, however the dephasing and 
departure from l i n e a r i t y  of  the response lead to an incomplete r e v e r s a l  
of  the magnetisation and i r r e v e r s i b l e  dephasing, (Locher 1980).
oInstead we have used two 90 pulses  "back to  back" with the  g rad ien t  
reversa l  as shown in f ig  2 .4 .  This gives a l i n e a r  phase dev ia t ion
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a t  the  end o f  the pulse.
F i g . 2.4 A se le c t iv e  180 pulse showing the r ev e rsa l  of  the Gz g rad ien t .
Once the  s l i c e  has been se lec ted  the re  are numerous methods of  
obta in ing  2D information from th a t  s l i c e .
2 .3 .2  Pro jec t ion  Reconstruction Techniques
Lauterbur developed t h i s  method in 1973 and using i t  he produced the 
f i r s t  NMR image, (Lauterbur 1973). The absorption l ine -shape ,  (the 
f o u r ie r  transform of the NMR s ig n a l ) ,  in a l i n e a r  magnetic f i e ld  
g radient  i s  the pro ject ion  of  the spin dens i ty  in a d i re c t io n  normal to 
t h a t  g rad ien t .  The f i e ld  gradient  vector  may be made to  poin t  in  any 
d i r e c t io n  by the vector addi t ion  of  th ree  orthogonal g rad ien ts  Gx, Gy, 
and Gz. Typically in p ro jec t ion  recons t ruc t ion  techniques Gz i s  used 
in s l i c e  d e f in i t io n  and the r e s u l t a n t  o f  Gx and Gy i s  ro ta te d  u n t i l  
s u f f i c i e n t  p ro jec t ions  o f  the ob jec t  have been obtained around 180 
degrees. The number o f  p ro jec t ions  needed depends on the  requ ired  
re so lu t io n  of  the f in a l  image. I f  we wish to  recons t ruc t  on a m*n 
matrix , then m pro jec t ions ,  with n resolved points  along each would be 
required to accurate ly  determine the  image. The pro jec t ion  i s  given by
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P(£»$) = f p (x ,y )d s  
r ,  4>
• • • 2*8
where />(x,y) i s  the s p a t i a l  d i s t r i b u t i o n  of  sp ins ,  in the  co-ordinate  
system i l l u s t r a t e d ,  f i g .  2 . 5 .
F i g . 2.5 Points  within the object  are described by a fixed (x,y) 
coordinate system. The pro jec t ion  angle i s  is and r r ep resen ts  the  
d is tance  along the p ro jec t ion .
A complete s e t  of  these  p ro jec t ions  allows a 2D image of  the xy plane 
to  be reconstruc ted .  This technique has disadvantages in  t h a t  i t  does 
requ ire  good l i n e a r i t y  of  the f i e ld  g rad ien ts ,  good f i e ld  homogeneity 
and f a i r l y  long reconstruct ion  times.
Given a s u f f i c i e n t  number o f  p ro jec t ions  the  problem then i s  how to 
recons t ruc t  an image from them. The problem i s  a general one and has 
been inves t iga ted  by workers in several  f i e l d s ,  the  f i r s t  ap p l ica t ion  
was in  radio-astronomy by Bracewell (Bracewell 1956). There are four 
basic methods o f  reconstruc t ion  from p ro je c t io n s .
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Back P ro jec tio n
This i s  the  s imples t of  a l l  techniques , each p r o f i l e  i s  back-projected 
onto an image array in  a d i re c t io n  orthogonal to the applied f i e ld  
gradient  with which i t  was produced. This i s  descr ibed mathematically
where $j is  the p ro jec t ion  angle, n the  number of  p ro je c t io n s ,  whose 
angular separa t ion i s  This method i s  not accurate  s ince regions  
outs ide  the ob jec t  have been assigned a non-zero value.
F i l t e red  Back Projection
The problem in ordinary  back-project ion i s  t h a t  the d en s i ty  is  over­
estimated, and the r e s u l t a n t  image i s  the  equivalent  to  the image 
having been convoluted with a 1/ r  function,  i t  i s  t h i s  which causes the 
" s t a r  a r t i f a c t "  (Brooks and Di Chiro 1976). This can be demonstrated, 
i f  instead of  an ob jec t  we consider a poin t located a t  the  o r ig in ,  then 
the r e su l t in g  back-projected image w i l l  have a 1/r d i s t r i b u t i o n .  The 
back-project ion,  however, i s  c lose ly  r e l a t e d  to  the image and can be 
modified to produce the c o r rec t  image. This modif ication i s  known as 
f i l t e r i n g  and removes the  1 /r  convolution. Either  the p ro jec t ions  are 
f i l t e r e d  and then back-projected or the  back-projected image i s  
convoluted with a f i l t e r  funct ion.  The techniques are equivalent ,  
although normally the former i s  performed s ince  i t  i s  computationally 
simpler .  The f i l t e r e d  pro jec t ion  da ta ,  P’Cr,^) ,  i s  formed by 
convoluting P(r,j20 with the  f i l t e r  function h ( r )  i . e .
by m
P(xcos4>j+ysin<l>j, j
j =1
2.9
P * (jr, <t>) *  P( r ,  $ ) * h ( r )
...2 .10 ,
The f i l t e r  function used to  remove the 1/r f ac to r  has been c a lcu la ted ,  
( L ig h th i l l  1958 and Cormack and Doyle 1977).
h (r )  = J?£2r a
. . . 2.11
Although t h i s  f i l t e r  funct ion i s  a n a ly t i c a l ly  c o r re c t ,  using i t  as i t  
s tands would produce i n f i n i t e  noise in the image i f  the p ro jec t ions  
were not n o ise le s s .  Suppression of  the noise occurs i f  the f i l t e r  i s  
band-l imited,  the a l i a s in g  which i s  caused i s  n eg l ib le .  In t h i s  case 
the f i l t e r  used is
h(qa) = 1/ 4 a q=0
h(qa) = 1/ ir2q2a q odd
h(qa) = 0  q even
. . . 2 .12
a i s  the spacing between po in ts ,  and q i s  an in te g e r .
The image i s  formed by the summation of  the f i l t e r e d  p ro jec t io n s
K
p(£,4>) = \  P‘ (r,4>)A<fr
. . . 2 . 1 3
0
Instead of  convoluting the pro jec t ion  with the  f i l t e r  funct ion ,  an 
a l t e r n a t iv e  approach i s  to  mult ip ly  the fo u r ie r  transform of  the 
pro jec t ion  i . e .  the s ig n a l ,  with the fou r ie r  transform of  th is  f i l t e r ,  
a ramp function.  To avoid accentuat ing the noise ,  a Hanning f i l t e r  
function,  shown in f i g . 2 . 6 , can be used instead of  the ramp (Huesman e t  
a l  1977).
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Ramp
Hanning
Time
F i g . 2.6 The Hanning F i l t e r  Function ( ^ s 1)
I t e r a t i v e  Reconstruction
As the name suggests these  methods use an i t e r a t i v e  or successive 
approximation approach in which an a r b i t r a r y  s t a r t i n g  image i s  chosen 
and cor rec t ions  applied to i t  to  bring the calcu la ted  p ro je c t io n s  in to  
b e t t e r  agreement with the measured p ro jec t ions ,  the techniques  
hopefully  converge to  give the c o r rec t  image. They d i f f e r  in th e  way 
the co r rec t ions  are applied,  and are slow compared to the  a n a ly t ic  
techniques.
Two-Dimensional Fourier Reconstruction
In Fourier recons t ruc t ion ,  the fo u r ie r  transforms of  the p ro je c t io n s  
are obtained,  in te rpo la ted  to give a square array of  c o e f f i c i e n t s ,  the 
reverse 2DFT giving />(x,y). In the NMR case t h i s  i s  s im p l i f i e d ,  s ince  
the s igna l  is  the fou r ie r  transform (FT) of the p ro jec t ion .  Let the  2 D  
Fourier  T r a n s fo r m  be represented by F(kx,ky) where kx,ky are  the
wave numbers in the x and y d i r e c t io n s ,  r e sp ec t iv e ly .  Then
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F(kx ,ky ) * |  |  p (x ,y )ex p | -2 1ri ( k xx+kyy) Idxdy
— CD — GO
. . . 2 . 1 4
expressing t h i s  in  terms of  the  r , s  co-ord ina te  system we get
CO CO
F(kx ,ky ) = |  |  p (x ,y )exp(-2 Trikr)drds
—  CO — 0 0
. . . 2 . 1 5
£ ftwhere ksCkx+ky),* and the angle of  ro ta t i o n  g!t r e l a t i n g  x,y and r , s  i s  
given by
4> = tan“ 1 (ky/k x )
. . . 2 . 1 6
The in te g ra l  o f /> (x ,y)  over s i s  j u s t  the  p ro jec t ion  P ( r , 0 ) in
another form, so th a t
00
F(kx ,k y)  = |  P ( r ,  <j>)exp(-2-rrikr)dr = F ( k , <t>)
—  CO
. . . 2 . 1 7
where F(k,$) i s  the fou r ie r  transform of  />(r,<|>) with r e spec t  to  r .  The 
time consuming s tep  i s  the 2D in te rp o la t io n ,  which has tended to 
r e s t r i c t  the app l ica t ion  of  the method.
2*3.3 Fourier Imaging
This method of  imaging was proposed by Kumar, Welti and Erns t ,  i t  
employs a 2D fou r ie r  t ransformation of  the NMR data ,  (Kumar e t  a l  
1975). I t  i s  very d i f f e r e n t  from the 2D recons t ruc t ion  from 
p ro je c t io n s ,  since  i t  does not use a sequence of  p ro je c t io n s  each
grad ien ts  s e q u e n t ia l ly ,  f i g . 2 .7 .
P l a n e
Defining
Pulse
F i g . 2.7 The sequence of  gradients  used in 2D Fourier Imaging
Gy encodes y in to  the s ignal  by governing the elemental magnetisat ion 
r o ta t i o n  frequencies  in the  r o ta t i n g  frame. Gx encodes x in to  the 
s ignal  by governing the phase of  Mxy a t  t= tx .  This phase angle pf 
depends on Gx and tx .  To generate a complete s e t  of  da ta ,  sequences of  
signals are sampled in t y ,  each corresponding to a d i f f e r e n t  value of  
0 . To change pi one can s tep  e i t h e r  Gx or tx .  The observed s igna l  i s
s ( t )  = j |  p ( r ) s (£ ,  t)dxdy
. . . 2 . 1 8
where s ( r , t ) d x d y  i s  the con tr ibut ion  from the elemental dxdy a t  r ,  and 
/>(r) i s  the  spin dens i ty .  The two-dimensional fou r ie r  t ransform is
S(o)  = |  |  s ( t ) e x p ( - i w t ) d t x d t y
. . . 2 . 1 9
and a fo u r ie r  transform in two d i r e c t io n s  w i l l  produce a 
c ro ss -sec t io n a l  image. An important fea tu re  of  t h i s  method i s  the  
homogeneous e r ro r  d i s t r i b u t io n  over the covered frequency range such 
th a t  low and high frequency components can be reconstructed with equal
accuracy.
2.3*^ Spin-Warp Imaging
This method was f i r s t  proposed by Edels te in  and i s  a v a r ia n t  of  the 
Fourier Imaging technique,  (Edels te in  e t  a l  1980). After  a s l i c e  has 
been s e le c t iv e ly  exc i ted ,  the spin dens i ty  i s  projected  onto the x-axis  
and a phase encoding of  spins  in the y d i r e c t io n  allows s p a t i a l  
d iscr imination along y .  The phase encoding in the  y - d i r e c t io n  i s  
achieved by the app l ica t ion  o f  a gradient  pulse Gy, t h i s  i s  applied for 
the same time t s ,  in each sequence but i t  s t reng th  i s  v a r ied ,  such t h a t  
for  each sequence th e re  i s  a d i f f e r e n t  amount o f  phase t w i s t  produced, 
f i g . 2 . 8 . The s ignal  can be described by
, ts
M (r , t )  = M (r ,0 )exp(- t /T 2 )exp[-iY G(t)dt]exp(-iYyGyt  )
“  0
2 .20
A 2D fou r ie r  transform of  the s ig n a l s ,  one phase decoding fo u r ie r  
transform and one frequency decoding fou r ie r  transform, w i l l  produce an 
image. The advantage of  t h i s  technique i s  t h a t  s ince  a l l  p ro je c t ions  
are along the same d i r e c t io n  i . e .  they do not  r o t a t e  as in  p ro jec t ion  
recons t ruc t ion ,  any f i e ld  inhomogenieties w i l l  manifest themselves only 
as a geometric d i s t o r t i o n  in  the f in a l  image, the re  i s  no smearing of 
the imaged information.
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Fig. 2.8 The Spin-Warp Imaging sequence.
2 .3 .5  Planar Imaging
Planar spin imaging i s  an extension of  the l ine-scanning  method 
(Mansfield e t a l  1976). In the  l ine-scan  method, using s e le c t iv e  
pulses  and f i e ld  g rad ien ts  the system is  sa tu ra ted  in two dimensions, 
and then the  s ignal  from a s in g le  l i n e  i s  sampled. In planar  imaging, 
the  sample i s  sa tu ra ted  in one dimension and a s e t  of  p a r a l l e l  d i s c r e t e  
l i n e s  are i r r a d ia te d  simultaneously. This m u l t i l in e  e x c i t a t i o n  i s  
ca r r ied  out using a l i n e a r  f i e ld  gradient  in the y -d i rec t io n  say, and a 
t a i l o r e d  pulse with s p ec t ra l  components to  ex c i te  the s e t  o f  l i n e s .
Fourier  transformation followed by an appropria te  data ordering allows 
the  f u l l  image to  be recons t ruc ted .  The problem of  forming a complete 
image in a s ing le  experiment thus reduces to  one of  imposing a d i s c r e t e  
s t ru c tu re  on an otherwise continuous spin d i s t r i b u t i o n .  This technique 
of  r e s t r i c t i n g  observation to  narrow s t r i p s  or l i n e s  o f  sp ins  s ingled 
out by a s e le c t iv e  i r r a d i a t i o n  procedure i s  i n e f f i c i e n t ,  s ince  in any 
one experiment the majori ty  of spins  do not  con tr ibu te  t o  the s ig n a l .  
In 1977, Mansfield devised a new scheme known as echo-planar imaging ,
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1978). Following s l i c e  d e f in i t i o n ,  the nuclear  magnet isation i s  
allowed to evolve under the influence of  two orthogonal g rad ien ts  Gx 
and Gy. Gx i s  p e r io d ic a l ly  reversed and there fo re  br ings  about a
re-focused echo s ignal  every h a l f - c y c le ,  as shown in Fig 2 .9 .
F i g . 2.9 An ou t l ine  of  the gradient  waveforms used in Echo-Planar 
Imaging.
The e f f e c t  of  the o s c i l l a t i n g  g rad ien ts  can be understood i f  the 
fo u r ie r  transform of the per iodic  funct ion shown in f i g . 2 . 9  i s  
considered.
fit)
Gx
Ov
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n=0
2.21
GO
2 .22
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H(n-nTT/t) becomes the d i rac  d e l ta  function S(ci-(nTr/tO) and F(n) reduces 
to  a s e r i e s  of  spikes a t  i n t e rv a l s  o f  Aw=H/q;. Thus the  formation of  an 
echo- t ra in  imposes a d isc re teness  on the  fo u r ie r  transform project ion 
p r o f i l e .  An addi t iona l  gradient  broadens the  d i s c r e t e  l i n e s  or spikes .  
Since the  s p a t i a l  information i s  contained not only within the  shape of  
the echo but also in the overa l l  decay o f  the  echo t r a i n ,  the nuclear  
s ignal  i s  sampled over a long s e r i e s  o f  echoes. From a s in g le  fo u r ie r  
transform of  t h i s  echo t r a i n  a l l  s p a t i a l  information can be obtained, 
and images have been obtained in 40ms.
2.3*6 Rotating Frame Zeugmatography
Hoult developed t h i s  technique in 1979 , i t  i s  e s s e n t i a l l y  a ro ta t in g  
frame analogue of  fou r ie r  imaging, (Hoult 1979). This technique uses a 
s t a t i c  (Gz) and a c ro s s -co i l  probe to  produce a Bf f i e ld  gradient  in the 
x -d i rec t io n .
B-»*--------------------
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F i g . 2.10 The timing sequence for 2D Rotating Frame Zeugmatography. 
During the period tx ,  (shown in f i g . 2 .10) the magnet isation i s  nutated
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(H) = y(Bxo+Biix)tx
. . . 2 . 2 3
in the  x ’ y ’ plane. The ensuing s ignal  i s  
s(_r,t)  * sin[Y(Bjo+Bnx) t x]e x p [ ( - 1/T 2 -iyGzz ) t z]
. . . 2 . 2 4
The amplitude i s  dependent on the conjugate v a r iab le s  x tx,  while the 
frequency i s  dependent in the v a r iab les  z t z .  tx  i s  var ied and a 2DFT 
obtains  the image in  a s im i la r  manner to  Fourier  Imaging.
2.4 THREE DIMENSIONAL IMAGING
Many of  the 2D imaging techniques can be extended to 3D imaging, 
although " rea l"  3D imaging is  seldom used because of  the s torage and 
computer power needed to manipulate the  la rge  q u a n t i t i e s  of  da ta .  More 
often data  from several  s l i c e s  i s  co l lec ted  in a s in g le  experiment in 
the same time taken for  one s l i c e  by u t i l i s i n g  the wai ting time between 
pulse sequences to  i r r a d i a t e  an a l t e r n a t e  s l i c e .  The plane d e f in i t i o n  
technique of  May mentioned in sect ion 2.3-1* automatically  encodes the 
sample in to  as many planes as the re  are switched grad ien ts  and allows 
many s l i c e s  from the volume to  be recons t ruc ted .
The th ree  dimensional extension to  Fourier  imaging i s  implemented by 
the in t roduc t ion  of  a t h i r d  gradient  (Kumar e t  a l  1975). Gradients Gx 
and Gy are  applied for  va r iab le  lengths  o f  t ime, and the s ignal  i s  
sampled during a time t z ,  whils t  the  z-grad ien t  i s  appl ied .  The 
experiment i s  repeated for a f u l l  s e t  of  r e g u la r ly  stepped or
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reconstructed .
Instead of  implementing 3D Planar spin imaging, Mansfield has extended 
the echo-planar technique in to  3D (Mansfield e t  a l  1982b). This was 
achieved by the app l ica t ion  o f  a second modulated f i e ld  g radient  Gx and 
the replacement of  the s e l e c t iv e  pulse by a non-se lec t ive  90 pulse .
Lai and col leagues have developed a f u l l  3D technique using pro jec t ion  
reconstruc t ion  (Lauterbur and Lai 1980). One way in which t h i s  can be 
achieved is  to  d i r e c t  the  f i e ld  gradient  around a path so as to  produce 
a s e r i e s  of  2D pro jec t ions  by reconst ruc t ing  in the  conventional 
manner. These p ro je c t ions  can then be combined using the same 
algorithm to yield  a 3D image. The problem then evolves as to  how to 
d isp lay  a 3D image!
2.5 THE OPTIMUM TECHNIQUE
The u l t imate  goal o f  NMR imaging is  to  obtain an image in the  minimum 
time with the maximum s e n s i t i v i t y .  Brunner and Ernst have compared the 
various imaging techniques in terms of  s e n s i t i v i t y  and performance 
time, (Brunner and Ernst 1979). They found t h a t  the  bes t  methods for  
obtaining the maximum s e n s i t i v i t y  per u n i t  time are p ro jec t ion  
recons t ruc t ion  techniques .  These techniques  i r r a d i a t e  a l l  the volume 
(for  3D) or a l l  the plane (for  2D) simultaneously and the r e s u l t i n g  
t ransverse  magnetisation i s  observed during the e n t i r e  a v a i lab le  t ime.  
Projection reconst ruc t ion  gains i t s  advantage over fo u r ie r  imaging, 
because the e n t i r e  s ignal  is  sampled and not j u s t  the l a t e r  p a r t .
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other  hand i s  multiplanar  imaging. Here a complete image can be 
obtained in the time of  a s in g le  f ree  induction decay.
A combination of  both p r in c ip l e s  would lead to the optimum technique 
with regard to s e n s i t i v i t y  and performance time.  This has yet to  be 
developed.
The 3D techniques may well be optimum in terms of  data co l le c t io n  but 
they requ ire  la rge  amounts o f  data  s torage and powerful computing 
f a c i l i t i e s  to  cope with t h i s  da ta .  And so other  techniques  may well be 
preferred for p a r t i c u la r  s i t u a t i o n s  .
For ins tance ,  although the s e n s i t iv e  point or l i n e  techniques  are very 
slow when an en t i r e  image i s  requ ired ,  they can obta in  readings from 
p a r t i c u la r  regions very quickly,  have good s e n s i t i v i t y  and do not 
requ ire  sophis t ica ted  data processing or s torage f a c i l i t i e s .
I f  the magnet homogeneity i s  poor then the spin-warp technique produces 
images with l e s s  of  an a r t i f a c t  than pro jec t ion  r econs t ruc t ion  methods.
Time can also be a very important f a c to r ,  e sp ec ia l ly  when imaging 
l iv in g  systems. Although s ignal  to noise r a t i o  i s  improved when many 
averages are taken i f  the sample can move then the  imaging must be 
car r ied  out as quickly as poss ib le .  The extreme of  t h i s  case i s  the 
rapid scan technique of  Mansfield, which allows an image to  be produced 
in 40ms. The qua l i ty  i s  poor, but when a s e r i e s  i s  s trung toge ther ,  
the eye performs i t s  own averaging and enables moving elements,  such a 
beating hear t  to be seen.
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s i t u a t io n  and c o n s t r a i t s  of  t h a t  s i t u a t i o n ,  i t  i s  poss ib le  to  optimise 
t h a t  imaging method. The op t imisa t ion  process for the technique I have 
used i s  described in Chapter 6 .
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CHAPTER 3 INSTRUMENTATION
3 INSTRUMENTATION
3,1 INTRODUCTION
The i n i t i a l  aim of  t h i s  research  was to  build an in termediate  sca le  NMR 
imaging system for  use in animal s tud ies .  The NMR system previously 
used by the group a t  Surrey was a small prototype system based on a 2" 
gap r e s i s t i v e  magnet (May 1982b). The new intermedia te  s ca le  system 
has used an Oxford Instruments superconducting magnet with a 
hor izon ta l ,  room temperature, 7n diameter bore. The components o f  the 
NMR Imaging system are shown below in block diagram form.
Frequency Phase ReceiverSynthesizer Shifters
Pulse
Generator
Modulator
Transient
Recorder
tPre^ Arnpl
Computer Gradient
D A C s
Gates j Amplifiers
Power
Amplifiers
1
Magnet
o — ImageDisplay
F i g . 3.1 The Block Diagram of  the NMR Imaging System.
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In the following chapter the function of, and the equipment used for 
each section of the system will be individually considered. The 
calibration and assessment of the system as a whole is discussed and 
finally typical experimental procedures are described.
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3.2 THE MAGNET
The homogeneity of  the magnetic f i e ld  used for  imaging depends on the 
s p a t i a l  r e so lu t ion  and the s ig n a l - to -n o is e  r a t i o  required ,  and the 
g radient  s trength  ava i lab le .
In a p e r fe c t  magnetic f i e ld  the width of  the resonance l i n e  ^  i s  
determined by molecular processes and would be given by
vi/2 = 1/»T*
. . . 3 . 1
However, i f  the f i e ld  i s  not p e r fe c t ly  homogeneous, the nucle i  in
d i f f e r e n t  p a r t s  o f  the sample experience s l i g h t l y  d i f f e r e n t  values of
f i e ld  and t h i s  con tr ibu tes  to  the linewidth .
v 1/2 = yABo + J_
2t ttT 2 . . . 3 . 2
For an imaging system to  achieve the  required s p a t i a l  r e so lu t io n  dx, 
the separa t ion  of  each p ixe l  in the  frequency domain should be g rea te r  
than the  l inewidth .  This imposes on the  f i e ld  gradient  the  condit ion
TfGdx >, ±  + ( yABo )
T2 2
. . . 3 . 3
I t  i s  undesirable  to  increase  the g radient  s t reng th  more than i s  
necessary to  acheive the required reso lu t ion^  each increase  in
gradient  s trength  spreads the s ignal  information over a wider frequency
bandwidth and so degrades the  s ig n a l - to -n o i s e  r a t i o .
The superconducting magnet used had a f i e ld  s treng th  of  0.4T, al though
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i t  i s  ra ted  to  1.5T. The homogeneity was 3ppm over a c y l in d r ic a l  
volume 0 .02m#0.06m(diameter), a su i ta b le  imaging region for r a t s .  The 
gradient s tren g th s  used and the re so lu t io n  achieved are discussed in 
section  3 .6 .
The homogeneity a t ta in ed  depends to  a la rg e  ex ten t on th e  shimming 
procedures. Shimming using the s igna l shape as a c r i t e r i a  was 
inadequate and a mathematical approach was adopted. Using t h i s  
approach a homogeneity of 3ppm over the  sp ec if ied  sample area was 
obtained.
Inhomogeneities or re s id u a l  g rad ien ts  a r i s e  from the magnetic 
environment. These grad ien ts  may be a x ia l  or tran sv e rse  and can be 
described using a s e r ie s  of spherica l  harmonics, which have the  general 
form
“ Pn(cos0)cosm4>
. . . 3 . 4
P^CcosO) being the associated  Legendre func tions .  They are  correc ted  
by ind iv idual shim c o i l s .  The superconducting shims a v a i la b le  were 
Zo,Z1 ,X,Y,XY,XZ,ZY, and (X4-Y4). The f ie ld  a t  any poin t was B ( i , j , k )  
and the cen tre  o f  the magnetic f ie ld  was defined as B (0 ,0 ,0 ) .  Thus
B ( i , j , k )  = Bo + a i X  + <S2Y + a sZ  + a%XY + asXZ + <«YZ + a ? ( X 2- Y 2 )
+other terms the  shims cannot remove.
. . . . 3 *  5
The b as is  o f  the  method was to  remove the  ac tion  of a l l  the  shims 
except one and then ad just th a t  one for the  bes t  f i e ld .  For example, 
the f ie ld  was monitored a t  (x ,0 ,0 )  and ( -x ,0 ,0 )  and then
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B(±x,0,0) = Bo + aiX +other terms the shims cannot remove.
. . . .  3* 6
The x-shim was adjusted to give the  same f ie ld  value a t  each o f  these  
po in ts ,  and then<*.=0. Subsequent shims were adjusted  in a s im ila r  
manner.
This shimming procedure was ca r r ie d  out using a very small probe which 
held about 1mm3of doped water, with a T, of 300ms. A perspex d isk  with 
981 holes d r i l l e d  in i t  formed a g r id ,  which f i t t e d  w ith in  the  magnet 
bore and allowed accurate  p o s it ion ing  of the  probe. The f ie ld  a t  any 
point could then be e a s i ly  measured. A f ie ld  p lo t  made a f t e r  shimming 
showed th a t  the only remaining inhomogeneities were terms which could 
not be removed with the  p resen t shim s e t .  A smaller g r id  allowed for a 
f ie ld  p lo t  when the  RF probe was in p o s it io n ,  the probe did not produce 
any ad d it iona l  inhomogeneities.
3.3 THE TRANSMITTER AND RECEIVER
The t ra n sm it te r  and rece iver  c i r c u i t s  were s im ila r  to  those of a 
conventional pulsed NMR spectrom eter. A frequency sy n th e s ise r ,  
Hewlett-Packard 3335A/001, provided continuous wave RF r a d ia t io n .  I t  
was programed via data  messages sen t by the  system c o n t ro l le r  over a 
HPIB(IEEE std488) bus. This enabled frequencies to  be switched during 
an experiment, allowing i r r a d ia t io n  and d e tec tio n  a t  d i f f e r e n t  
frequencies , and would permit fo r  d i f f e r e n t  s l i c e s  in a f i e ld  g rad ien t 
to  be i r r a d ia te d .
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The pulse generation was ca r r ie d  out by two dual channel pulse
generators , Farne ll  PG5222. These were modified such th a t  delays of 
upto 20s ra th e r  than 2s, could be obtained. The pulses were gated with 
the RF to  provide the  pulsed RF fo r  i r r a d ia t io n .  They a lso  provided
the t r ig g e r  pulses th e  computer used to  con tro l  the experiment. This 
had the disadvantage th a t  the  computer was s lave  to  the pulse
generators  and spent time in search loops looking fo r  the  t r ig g e r s .
Some i n s t a b i l i t y  has been observed due to  the t r ig g e r  a r r iv in g  a t
d i f f e re n t  times in  the  loop. A new pulse con tro l  system based on a BBC
microcomputer and with a l l  t r ig g e r s  and pulses under i t s  con tro l  is
cu rren tly  under co n s tru c tio n ,  and should remove the  problem.
The continuous wave RF from the frequency syn thes ise r  was gated with
the pulse from the pulse generator using a radio-frequency ga te .  The
main requirement of the  gate was th a t  i t  should allow very l i t t l e
leakage in to  the power am plif ie r  between pu lses .  I f  the  leakage, when
amplified, i r ra d ia te d  the c o i l  with a s igna l which was of the  order of
the induced s ignal then th e  leakage would s a tu ra te  the  rece iv e r  in p u t.
7The pulsea^/'Aak may be 10 times g rea te r  than the  NMR s ig n a l ,  thus for 
the leakage to  be much smaller than the  induced s igna l the  gate 
iso la t io n  should exceed 140dB. The design o f  the  ga tes  was purchased 
from Polaron Ltd. and b u i l t  in  the Physics Department.
I l l u s t r a t e d  on n e x t  page.
Fig 3.3 The c i r c u i t  design o f  the radiofrequency gate used.
The gate c i r c u i t  i s  shown in  f i g . 3 .3 , the p a ir  of  npn t r a n s i s t o r s  have 
a common co llo ec to r  output and are fed by two separa te  in p u ts .  One i s  
the gate pulse, and the  o ther i s  the  RF s igna l which i s  transform er 
coupled in .  The output of  t h i s  s tage  i s  the gated RF s ig n a l ,  ra ised  on
a 1 p ed es ta l’ above the  base line  Rf, The DC leve l of the  output i s  s e t
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Dy tne - l i v  l in e ,  such tn a t  the  following t r a n s i s to r s ,  normally in 
quiescent mode, are only switched on by the pulse . There are  severa l 
s tages to  obta in  good iso la t io n  such th a t  no RF leaks though on the  
base l i n e .  F in a l ly  the pedesta l i s  removed and the RF pulse remains.
For s e le c t iv e  e x c i ta t io n  th e  RF was modulated with the  sinc-shape 
described in 2 .3 .1 .  The continuous wave RF and the modulating shape 
generated by the computer were mixed using a H atfie ld  Instruments 
Double Balenced Mixer, type 1754, before the  RF was gated. Unlike a 
simple mixer, which combines two s ig n a ls  to  give sum and d iffe ren ce  
frequencies and harmonics o f  the  ind iv idua l s ig n a ls ,  in t h i s  case only 
the  sum and d iffe rence  s ig n a ls  and not the  input s ig n a ls  or t h e i r  
harmonics, are  passed though to  the  output. The sinc-shape was 
produced using a ZN425E 8 -b it  d ig i ta l - to -a n a lo g u e  converter ,  mounted on 
a general purpose in te r fa c e  board w ithin the  computer.
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F ig .3.4 Diagram of the  Pulse Shaping C irc u i t .
Phase s h i f t e r s  allowed the phase o f  the t ransm itted  RF to be s h i f te d  
with resp ec t  to  the reference  s ig n a l .  One p h a se -sh if te r  was included 
in the  transm itted  l in e  and one in  the  rece iver  re fe ren ce  l i n e .  
Between them they were capable o f  covering a f u l l  360 degrees phase 
s h i f t .
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I l l u s t r a t e d  on rse*t page.
Fig. 3.5 C irc u i t  diagram of the  Phase S h i f te r .
The c i r c u i t  fo r  the  p h a se -sh if te rs  i s  shown in  f i g . 3 .5 , the 733
d i f f e r e n t i a l  output am plif ie rs  provide two RF outputs which are exac tly  
opposite in phase. These are balanced by 100.n. p rese t  potentiom eters . 
In the  f i r s t  s tage  one output i s  loaded by a small cap ac ito r  and the 
o ther by a f i e ld  e f fe c t  t r a n s i s to r  (FET) which a c ts  as a
v o ltage -con tro lled  re s is ta n c e .  The impedance of these two loads i s  
always a t  r ig h t  angles in phase. The equal and opposite  output s ig n a ls  
are loaded by t h i s  combined load whose complex impedance th e re fo re  i s  
the locus of a sem ic irc le ,  as shown in  f ig u re  3 .5 . The s igna l which i s  
fed in to  the second 733 has constant magnitude but a phase which i s  a 
function of the FET gate vo ltage . The two opposite phases o f  the 
second 733 are se lec ted  by a two-way sw itch.
Amplification of the  RF pulse was;^- provided by a 3100L Broadband Power 
Amplifier from E lec tron ic  Navigation In d u s t r ie s ,  with 100W of l in e a r  
power and a nominal gain of 50 dB. A powerful am plif ie r  was necessary 
for non -se lec tive  i r r a d ia t io n ,  fo r  s e le c t iv e  i r r a d ia t io n  a 10W
am plifier  would be s u f f ic ie n t .
The s ignal induced in the c o i l  following i r r a d ia t io n  was detected  and 
amplified using a p re -am plif ie r  (pre-amp) and rece iv e r  system supplied 
by Polaron Ltd. A block diagram is  shown below and fu r th e r  information 
can be found in May (May 1982c)
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F ig .3.6 Block diagram of the  Receiver System
The s ig n a l from the probe was o f  the  order o f  a few /v/cz-ovolts and i t
was e s se n t ia l  th a t  in  th e  e a r ly  s tages  o f  am plif ica tion  very l i t t l e
ad d it io n a l noise was in troduced. The function o f  the p re -am p lif ie r  and 
the main am plifie r  was th e re fo re  to  amplify the  s ig n a l without having 
any adverse a f f e c t  on the  s ig n a l- to -n o ise  r a t i o ,  which should be
determined e n t i r e ly  by the c h a r a c te r i s t i c s  o f  the sample and probe. 
The o r ig in a l  pre-amp was modified such th a t  a l l  the  am p lif ica tio n  came 
in the  f i r s t  s tage , thus minimising the noise co n tr ib u tio n  from the 
pre-amp i t s e l f .  The rece iv e r  recovered quickly (3ps) from any
overloads generated by the B, pu lse . I t s  input impedance matched the
probe to  give optimum coupling and th e re  was no phase s h i f t  as a
function of frequency. The t o t a l  gain provided by the rece iv e r  system
was of the  order of 107.
The bandwidth o f  i n t e r e s t  was 4.4 KHz centred a t  17MHz. The
phase-sensitive  d e te c to r  (psd) removed the c a r r i e r  frequency and l e f t  
the s igna l in the  audio-frequency range. The psd supplied by Polaron 
was replaced with the  one shown in  Fig. 3.8 . This had a lower noise
f igu re  and no D.C. o f f s e t .  A D.C. leve l  a t  t h i s  s tage can occur as a 
r e s u l t  o f  u n in ten tio n a l leakage o f  the  reference frequency in to  the 
s ig n a l channel of  the re c e iv e r .  When processed by the psd t h i s  leakage 
generates  a zero frequency s ig n a l ,  r e su l t in g  in a D.C. o f f s e t .  The 
MC1U96 i s  a m u lt ip l ie r  ch ip , th e  re fe rence  and s ignal frequencies  are 
combined to  give sum and d iffe ren ce  frequencies .
cosur tc o s(u s t+4>) = 2 C0S( t,)r  “ ( us+^ ^  +2cos( ur+us+
. . . 3 . 7
4 i s  the  d iffe rence  in phase between the  s ignal and the  re fe rence  
v o ltag es ,  hence the  name of  the  device.
A s in g le  psd was used, the  system excited on resonance and the 
frequency switched so th a t  the  rece iv e r  reference frequency was 2.2KHz 
(h a lf  an image bandwidth) o ff  resonance. .If  de tec tion  i s  on resonance 
with a si.ngle psd i t  i s  impossible to  d is t in g u ish  (wr -w5) as p o s i t iv e  
or negative . The disadvantage o f  t h i s  was noise was r e f le c te d  about 
the reference  frequency and so in  t h i s  case two s e ts  o f  noise  
con tribu ted  to the  spectrum instead  of one. Noise i s  random, and t h i s  
caused the  noise amplitude to  increase  by a fac to r  of </2. I f  two phase 
s e n s i t iv e  d e tec to rs  are  used, with the  reference phase o f  one sh if te d  
by 90 degrees, then p o s i t iv e  and negative frequencies can be reso lved , 
the frequency bandwidth centred a t  resonance, and the  corresponding 
increase  in s ig n a l- to -n o ise  r a t i o  r e a l i s e d .
I l lu s t r a t e d  on next: page.
F ig . 3.8 C ircu i t  diagram of  the  Phase-Sensitive Detector.
Following the generation o f  sum and d iffe rence  frequencies by the  psd 
the s igna l was f i l t e r e d  to  remove the  high frequency component. The
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simple low pass f i l t e r  supplied by Polaron had poor r o l l - o f f  and 
amplitude and phase varied  n o n -lin ea rly  with frequency. I t  was 
replaced with a 4-pole Bessel f i l t e r  with a c u t -o f f  frequency of 5KHz, 
to match the  image bandwidth used. Although a Bessel f i l t e r  has slow 
i n i t i a l  r o l l  o f f ,  i t s  phase change with frequency i s  l in e a r .  I t s  
c h a r a c te r i s t i c s  a re  shown in  Fig. 3 .9 . .
I l lu s t r a t e d  on t\ext page.
F ig .3.9 C ircu i t  o f  the Bessel f i l t e r  and graphs showing i t s  
c h a r a c te r i s t i c s .
The rece iver  was c a l ib ra te d  and the system was s e t  to  operate  in the  
l in e a r  reg ions o f  the rece iver  response.
3.4 THE SAMPLE PROBE
The tra n sm it te r  and rece iver  c o i l ( s ) ,  the  "probe” , provide a means by 
which the  RF energy i s  transm itted  to  the  spin system and through which 
the response of the  spin system is  monitored. For t h i s  system a s in g le  
c o i l  with appropria te  couplings performed both fu n c tio n s ,  although t h i s  
required some compromises between the  requirements o f  the  t ra n sm it t in g  
system and the  rece iv ing  system. For example, i f  the  t ra n sm it te r  c o i l  
i s  to  produce a uniform f ie ld  throughout•the  sample, a c o i l  much la rg e r  
than the sample would be p referred  since t h i s  would minimize proximity 
and end e f f e c t s .  However, to obtain  maximum s ig n a l- to -n o is e  r a t i o ,  i t  
i s  required th a t  the rece iver  c o i l  have a good f i l l i n g  f a c to r ,  ie  the  
inverse case.
The decoupling c i r c u i t  which allowed the c o i l  to  be used fo r both
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transm ission  and recep tion , was a T-network with /4 cable leng ths  and
appropria te  diodes, f i g . 3 .10. This p ro tec ted  the pre-amp from the RF
pulse during transm ission . When the  t ra n sm it te r  i s  o f f  th e re  i s  a
d i r e c t  path  between the  probe and the  pre-amp, and the  diodes a t  A,
being an open c i r c u i t  i s o l a t e  th e  t r a n s m i t te r .  When th e  t r a n sm i t te r  i s
on the  diodes a t  B ac t  as a sh o r t  c i c u i t  across the  l i n e ,  p ro te c t in g
the  pre-amp whilst r e f l e c t in g  the  power with a phase change of 180.
c
The r e f le c te d  wave re tu rn s  to  C having suffered  a 360 phase change, and 
so once equlibrium has been e s ta b lish ed  th i s  */4 cable can be ignored.
T r a n s m i t t e r
1N414B
u'
Probe
y/
-  4 . — ^  Receiver
B 3 l *3 r 1N4148
F ig .3.10 Diagram of the  T-network configu ra tion .
The p a i r s  of crossed diodes used are  N4148 f a s t  switching d iodes. 
E f f ic ie n t  power t r a n s f e r  takes  p lace i f  the c h a r a c te r i s t i c s  o f  the  c o i l  
c i r c u i t r y  match those of the t ra n sm it te r  and re c e iv e r .  In t h i s  case 
the probe c i r c u i t  must have a 50 js . input impedance, and fo r  maximum 
s e n s i t iv i ty  should be in e i th e r  s e r ie s  or p a r a l l e l  resonance, f ig  3 .11. 
S eries  resonance occurs when wL=1/wC2, and the resonance frequency i s  
given by
f  *= L  • J-
2
. . .  3.8
For p a ra l l e l  resonance the  l in e  cu rren t  must be in  phase with th e  l in e
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voltage and th i s  has the frequency condition
f  e  3—  /.L-RfiCa
2 * / E C V  /  L - R g  C 2
3 .9
When Rc and R1 are  small then
f  « 1 / ( 2 i r / L C 2 )
3.10
In both cases an ad d it io n a l  capac ito r  C1 is  needed to  tune for a 50-n. 
input impedence, such th a t
Typical resonce c i r c u i t s  are shown in  F ig .3.11 where C1 i s  the  
impedance matching capacito r  and C2 i s  the  resonance tuning c ap ac i to r .
F ig .3.11 and Probe C irc u i ts .
The s e r ie s  design i s  more often  used because i t  i s  e a s ie r  to  tune.
In most magnets used for imaging the  f ie ld  i s  p a r a l l e l  to  the  bore and 
a simple solenoid cannot be used i f  maximum use i s  to  be made of the 
access space. A saddle c o i l  configura tion  was found most s u i ta b le ,  as 
shown in Fig. 3.12.
50_a= L / R C
3.11
■ 'w v r o -
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Fig 3.12 The configura tion  of a Saddle Coil.
Hoult has ca lcu la ted  the  f ie ld  produced by a saddle-shaped c o i l  (Hoult
and Richards 1976), and has shown th a t  B, xy, the  component o f  B
perpendicular to  the main f ie ld  in the  z -d ire c t io n  i s ,  fo r  u n i t  cu rren t
- y - y  +  g 1
... (a s+g2 )vS a (a J+g2 )^ J
B J y v  = n / 3 u o  
4ir
 3.12
where a i s  t h i s  c o i l  ra d iu s ,  2g is  the  c o i l  leng th , and n i s  the  number 
of tu rn s .
For optimum f ie ld  homogeneity the angle of arc  should be 120 degrees, 
and 2g=3.32a, (Ginsberg and Melchner 1970) Hoult suggests using 2a~g, 
and with t h i s  approximation
Bi™ * O.585nii0/a
 3 . 1 3
Well designed saddle-shaped c o i l s  can have a homogeneity fo r  B, of 
b e t te r  than a few percent over th re e -q u a r te r s  o f  the  c o i l  d iam eter. 
This percentage depends on the th ickness o f  the  wire used to  bu ild  the
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c o i l ,  the  th ick e r  the  wire the  sm aller the homogeneous reg ion . Figure 
3 . 1 3  shows the  f ie ld  d i s t r ib u t io n  fo r  a saddle c o i l  o f  rad iu s  a wound 
to the Ginsberg and Melchner con figu ra tion , (Mansfield and Morris 
1982c). As a r e s u l t  o f  the  r e c ip ro c i ty  theorem t h i s  i s  a d i r e c t  
measure of the rece iv e r  c o i l  response function . This demonstrates why 
a c o i l  la rg e r  than the  sample allows the  sample to  see a more 
homogeneous f i e ld .
r.
F ig .3.13 The f ie ld  d i s t r ib u t io n  for a saddle shaped c o i l .
The saddle c o i l  used in t h i s  system had a diameter of 7cm and a length  
o f 8cm and was used in the  s e r ie s  resonance cond ition . This was 
s u i ta b le  for imaging r a t s  upto about 300g. I t  was i n i t i a l l y  
constructed from 0.005” copper f o i l ,  stamped in to  the saddle  shape. 
This has now been replaced by copper tubing. The tubing decreased the 
e f fe c t iv e  r e s is ta n c e  o f  the  c o i l  so increasing  the Q, in t h i s  case from 
190 to  380, with a corresponding increase  in the  s ig n a l- to -n o is e  r a t i o .  
I f  the t o t a l  length o f  wire used becomes s ig n i f ic a n t  compared to  the 
wavelength of the ra d ia t io n  then serious phase s h i f t s  may be incurred
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by the RF s ignal as i t  passes down the  length o f  the  c o i l .  This 
r e s u l t s  in  s u b s ta n t ia l  inhomogeneities in  the RF f i e ld .  Hoult (Hoult 
1981) has suggested th a t  as a ru le  of thumb the length of wire used be 
le s s  than 1/20th of the  wavelength. For 17MHz th i s  allows about 1/2m,
which i s  a s in g le  tu rn  o f  the  above dimensions. In co n s tru c tin g  the
c o i l ,  to  keep the r e s is ta n c e  low and the Q high, the  connecting leads  
were as sh o rt  and th ick  as was p r a c t i c a l .  The cap ac ito rs  used were a 
non-magnetic a ir-vane type supplied by Jackson Bros.. They do not 
break down under the  r e l a t iv e ly  high voltages used, have very low 
losses  and th e re fo re  do not damp the  resonant c i r c u i t .
F in a lly ,  a Faraday sh ie ld  was f i t t e d  between the  RF c o i l  and the  
g rad ien t c o i l s  to  reduce the  t r a n s f e r  of  noise picked up by the  
gradient connections to  the RF c o i l .  I t  was f i t t e d  2cm away from the 
c o i l  to  minimise capac it ive  e f f e c ts
3.5 SIGNAL-TO-NOISE RATIO
I t  i s  e s s e n t ia l  to maximise the  s ig n a l- to -n o ise  r a t i o  i f  one wishes to  
obtain  acceptable images. Unfortunately, s ince a saddle c o i l  re q u ire s  
a la rg e r  length of wire to  generate a given B f i e ld ,  i t s  r e s i s ta n c e  
(Rc) i s  higher and the s ig n a l- to -n o ise  r a t i o  i s  about h a l f  th a t  o f  a 
solenoid for a given sample volume.
After a 90 degree pulse, the  m agnetisation which precesses with angular 
frequency to induces an emf o f  the same frequency in the  c o i l .  The
magnitude ^  of the emf is  given by Faradays law
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j; =• d<t>/dt
 3 .1 4
where ^ i s  the  magnetic flux linkage through the  c o i l ,  the  emf 
c o n s t i tu te s  the  NMR s ig n a l .
The t o t a l  emf produced by a sample o f  volume Va s itu a te d  in a region of 
homogeneous g f ie ld  following a 90 pulse i s
5 = K uo B iXyMoVgCosoo t
 3.15
where B^ xy i s  the  f ie ld  generated in th e  xy plane by u n i t  c u r re n t  
passing though the  c o i l .  K is  an ’’inhomogeneity" fac to r  which may i f  
necessary be ca lcu la ted ,  and phase has been neg lec ted . The 
magnetisation Mo i s  given by
Mo = N y 2h 2l(l+1 ) Bo /3k?s
 3.16
where N i s  the  number of sp ins a t  resonance per u n i t  volume, Ts i s  the  
sample tem perature, I i s  the spin quantum number, and k i s  the  
Boltzmann constan t.  As w=XB i t  follows th a t  the  EMF induced in the  
c o i l  is  proportional to the square o f  the  Larmor frequency.
In a well designed system almost a l l  the noise o r ig in a te s  in  th e  RF 
c o i l ,  (ignoring for the  moment the noise generated by the sample). The 
noise generated in the  c o i l  i s  th a t  due to  the thermal motions o f  the  
e le c tro n s .
N = (4kTcAfR)i/2
 3 .17
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where/if i s  the  bandwidth (in  Hz) of the r e c e iv e r .  The c a lc u la t io n  of R 
i s  often  inaccu ra te  due to  " sk in ” and proximity e f f e c t s .  At high 
frequencies th e re  i s  im perfect pene tra tion  o f  cu rren t  in to  the 
conductor and t h i s  r e s u l t s  in  an increase  in  r e s i s ta n c e ,  which i s  known 
as the skin e f f e c t .  Proximity e f f e c t s ,  caused by the  mutual inductance 
between two cu rren t carry ing  w ires, are minimised by s e t t in g  the 
spacing between them to than r /3 ,  where r  i s  the  wire rad iu s .
When these  are  included
where 1 is  the  length of the  conductor, p i s  i t s  circumference, p i s  
the perm eability  of the wire, and />(Tc) i s  the  r e s i s i t i v i t y  of the 
conductor. By combining the  equations for s igna l and noise
here $ is  the  proximity fa c to r  and includes Q, and F i s  the  noise 
f igure  of the p re -am p lif ie r  (Hoult and Richards 1976). Thus,
optimising the s ig n a l- to -n o ise  r a t i o ,  a t  f ixed frequency, volume,
been seen B*xy and p/1 («*Rc) are not independent v a r ia b le s  but depend 
on the c o i l  con figu ra tion .
When a s i tu a t io n  i s  reached where the  noise i s  dominated by the  sample 
any fu r th e r  improvements in  c o i l  design have l i t t l e  e f f e c t .
R = ( l / p ) ( u u o w o p ( T c ) / 2 ) 1/2
3.18
7.12kTs
3.19
bandwidth and temperature reduces to  maximising B1x y / (p / l ) As has
The sample can generate a la rg e  amount of n o ise ,  s ince  l iv in g  systems 
have a r e l a t iv e ly  high concentration o f  ions and as a r e s u l t  conduct
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e l e c t r i c i t y .  There are  two main sources of lo s s ,  magnetic lo sse s  and 
d ie l e c t r i c  lo s se s .  Magnetic lo sse s  a r i s e  due to  the back emf induced 
in the sample i t s e l f  following the induction of the  emf in the  c o i l .
I f  the  sample i s  conducting, cu rren ts  flow within i t  and these  "eddy'
curren ts  d is s ip a te  power. The power lo ss  i s  equivalent to  the  power
losses  w ithin the  r e s is ta n c e  of the c o i l  i t s e l f  and rep resen ts  an
ad d it io n a l  source of re s is ta n c e  Rm. D ie le c tr ic  lo sses  a r i s e  when 
e l e c t r i c  f ie ld s  produce e l e c t r i c  l in e s  of force which pass through a 
conducting sample. Just as with magnetic lo s se s ,  t h i s  can be 
represented by an e f fe c t iv e  re s is ta n c e  Re. Attempts have been made to  
screen these  e l e c t r i c  f ie ld s  from en te r ing  the sample but with lim ited  
success. The t o t a l  e f fe c t iv e  re s is ta n c e  Rt can now be w rr i t te n  as 
Rt=Rc+Rm+Re and the  s ig n a l- to -n o ise  r a t i o  i s  given by
S « BixyVs
N .
(Hc+Rm+Be) . . . 3 .2 0
From equation 3.79 i t  would appear th a t  since s ig n a l- to -n o ise  r a t i o  i s  
p roportional to  to , th e re  are gains to  be made by working a t  higher 
frequencies . In NMR imaging th e re  are a number o f  f a c to r s  which make 
th i s  more d i f f i c u l t .  As frequency in c reases ,  i t  becomes more d i f f i c u l t  
to  build  a la rg e  RF c o i l  with a s u f f ic ie n t ly  small inductance to  allow 
the system to be tuned, and s t i l l  not encounter phase problems due to  
the length o f  wire used. One way around th i s  i s  to  connect the  two 
halves of the saddle c o i l  in p a r a l l e l .  A lte rn a t iv e ly ,  a s lo t t e d  c o i l  
design, based on resonant cav ity  th e o r ie s ,  might a lso  be u sefu l  a t  
higher frequencies , (Leroy-Willig 1983).
However, i t  i s  u n like ly  th a t  the  apparent increase  with frequency w il l  
be a tta ined  for homogeneity reasons. For instance  in  moving from 17MHz
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to  60MHz, i f  the bandwidth i s  to  remain unchanged then an increase  in 4 
in homogeneity i s  required (3^Hz in 17MHz i s  2ppm, 3MHz in  60MHz i s  
,5ppm). I f  t h i s  i s  not achievable the  bandwidth has to  be increased by 
M and most o f  the gain in  moving to  a h igher frequency has been l o s t ,
esp ec ia l ly  since i t  i s  l ik e ly  th a t  the  skin and proximity f a c to rs  w il l
also increase  with higher frequency. This has not detered  companies 
and some whole body scanners are  on the  market running a t  80MHz, 
whether these  are b e t te r  than the  low f ie ld  scanners has yet to  be 
evaluated.
3.6 THE GRADIENT SYSTEM
The grad ien t system comprised of a s e t  of th ree  c o i l s  producing th re e  
orthogonal g rad ien ts ,  th ree  d ig i ta l - to -a n a lo g u e  convertors  (DACs) under 
computer con tro l and a power am plif ie r  fo r each g rad ien t .  The g rad ien t 
am p lif ie rs  used were two HH S500-D two-channel a m p lif ie rs ,  with a 
maximum power of 250W in to  2 . 5a . per channel. They are  p ro tec ted  from 
overload by r e s i s to r s  on the  DAC ou tp u ts .  Saddle c o i l s  provided the  x 
and y g rad ien ts  and a p a ir  of c i r c u la r  loops provided the z -g ra d ie n t .  
The c o i l s  were wound on a perspex tube, w ithin which the  RF c o i l  could 
be positioned . The RF c o i l  must a l ig n  with the  cen tre  of  the  g rad ien t 
system which in turn must be aligned with the  cen tre  of the  magnet and 
i t s  shim c o i l s .  In designing saddle c o i l s  the  angle of arc and the 
separa tion  o f  arc used are c r i t i c a l  for l in e a r  g rad ien ts  to  be
produced. I t  i s  necessary to  generate a f i e ld  dBz/dr, w h ils t
1 2 1elim inating  other harmonics, such as dBz/drdz and dBz/drdz, (Hoult
1976a). The 120 degree arc shown by Ginsberg and Melchner to  give
a.
optimum homogeneity removes the  dBz/drdz, and the optimum arrangement
is  snown in  F ig .  3.1*1
F ig .3 .14 The arrangements o f  wires to  produce l in e a r  x and y g rad ien ts
3.14a i s  sca re ly  p ra c t ic a l  as no re tu rn  paths are  shown. S tra ig h t  
conductors p a r a l l e l  to the z -ax is  co n tr ib u te  nothing to the f ie ld  in 
the  z -d i re c t io n ,  but connections should i f  p o ss ib le  be made so as to  
produce no c ro s s - f ie ld s  a t  the  o r ig in ,  as shown in  3.14b. The 
separa tion  o f  the a rcs  i s  ca lcu la ted  by minimising the r a t i o  o f  dBz3/drdz 
to  dBz/dr.
*
2m -1 #
A-2
Bz t o t a l  = MHO la  
4 tr
La-r'cosC 4>-$t + Trq/m_)ir (-1 W  .
[ a 2- r '  2+z 2-2 a r '  cos( 4>— 4> V irq/m )] 3,2
 3.21
where m*:harmonic order, ( -1 ^ acco u n ts  fo r the  a l t e r a t io n  in  successive 
cu rren t a rcs  and a i s  the rad ius  of the c o i l ,  
so
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[B, t o t a l ^ . s ) ] ^  “ 5juul * 
3r3z2 2ir
3 * / 2  
cos( 4>— 4*')d$
where r '= 0  and m*=1 . . . . 3 . 2 2
This expression reduces to  zero when
(-4z  %+27z 2a 2- 4 a 1’ )=0
 3.23
This happens a t  z=±0.39a and ±2.52a, where a i s  the  ra d iu s .  For t h i s  
system a=6.3cm which gave a t o t a l  saddle c o i l  length  o f  32cm. In a 
whole body system a r e l a t iv e ly  sho rte r  system i s  o ften  more convenient 
and o ther arc  separa tions  such as ±0.4a and ±1.04a are  s a t i s f a c to ry ,  
(Hoult 1976b). The number o f  tu rn s  used in a g rad ien t c o i l  depend on 
the f ie ld  s treng th  required  and the a v a ilab le  power. The x and y 
saddle c o i l s  were made up of ten tu rn s  and had a maximum grad ien t 
s treng th  o f  1G/cm.
Unfortunately the f i e ld  w il l  not remain homogeneous except over a small 
length , in f a c t  any sample longer than 0.7a, where a i s  the  c o i l  rad iu s  
w il l  experience o ther f ie ld  harmonics (Hoult 1976a).
The se t  of g rad ien t c o i l s  used to provide the  z -g rad ien t was comprised 
of two coaxial cu rren t  loops, with c u rren ts  flowing in opposite 
d ire c t io n s .  With such a p a i r ,  the  la rg e s t  region of uniform f ie ld  
gradient i s  produced along th e i r  common axis  i f  t h e i r  rad iu s  equals 
t h e i r  se p a ra t io n //3  (Tanner 1965). Ten tu rn s  were wound in each loop 
giving a f ie ld  s treng th  o f  3G/cm.
-4z  *+27z 2a 2-4a* l  
 [a
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F ig .3.15 The C ircu i t  Diagram of the  DACS
The DACS ( f i g . 3 .15), which con tro lled  the th re e  g rad ien ts  were 
c a l ib ra te d  as were the  g ra d ie n ts ,  the  n o n - l in e a r i ty  p resen t can be seen 
in  f i g . 3.16, p ro je c t io n s  were obtained around 360 degrees. The c e n tra l  
cross should be s t r a ig h t ,  t h i s  n o n - l in e a r i ty  was thought to  be a main 
f ie ld  problem and attempts to  remove i t  by shimming were unsuccessfu l.  
The problem could be reduced by increasing  the g rad ien t s tren g th  and 
image bandwidth, but t h i s  would decrease the  s ig n a l - to -n o is e  r a t i o .  
The B, f ie ld  inhomogeneities can a lso  be seen in  t h i s  image.
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Fig.3.16 A Phantom showing the non-linearity in the gradients.
3.7 DATA COLLECTION AND PROCESSING
The filtered phase detected signal is continuous and it must be sampled 
and digitized before transfer to the computer. The Nyquist theorem 
states
sampling rate = 1/2f
...3.24
where fc is the highest frequency which is correctly sampled. 
Frequencies above this are incorrectly sampled and aliasing occurs, 
which in addition to affecting the signal also affects the noise.
Noise a t  frequencies higher than fc w il l  be r e f le c te d  back and appear 
as r e l a t iv e ly  low frequency noise thus increasing  the noise le v e l .  I t  
i s  th e re fo re  e s se n t ia l  th a t  high frequency noise i s  f i l t e r e d  out by the  
Bessel f i l t e r  in  the  re ce iv e r ,  before the  s ig n a l  i s  sampled. However, 
th i s  f i l t e r  did not have a sharp c u to ff  thus the s igna l was sampled a t  
four times the  required r a te .  The sampling was ca r r ied  out using a 
Data Laboratories  10 b i t  t ra n s ie n t  reco rder .  102M po in ts  were sampled 
a t 60ps per p o in t ,  s tored in the  recorder u n t i l  ready for t r a n s f e r  to  
the computer a t  the  end o f  sampling via a handshake procedure.
The computer used was a Data General MP200 system with 32K of memory, 
plus a hard d isk  u n i t  with 5MByte fixed d isk  and 5MByte removeable 
d isk .  The computer con tro lled  the experiment and generated the 
g rad ien t and pulse shapes as necessary . The co n tro ls  are  shown in 
F ig .3.19. After data c o llec t io n  th e d isc re te  f a s t  fo u r ie r  transform s 
were performed using the Cooley and Tu key algorithm ^fcs),^ f u l l  
explanation o f  which can be found in Bore(Bore 1982a). The p ro je c t io n s  
were adjusted in phase and magnitude to  account fo r  the im perfections 
in the  f i l t e r ,  timing in s t a b i l i t y  and misadjustment in th e  re fe rence  
phase compared to  the transm itted  phase. From these  p ro je c t io n s  the 
image was reconstructed  using f i l t e r e d  back p ro jec tio n  (sec tio n  2 .3 .2 ) .  
The image was displayed on a 16-level g rey-sca le  monitor using a RGB 
256 matrox card.
68
3.8 SYSTEM OPERATION
Projec tion  reco n stru c tio n  and spin-warp sequences using se le c t iv e  
e x c i ta t io n  have been used. The shaped pulse used in s e le c t iv e  
e x c i ta t io n  was not more thant'Sms long, so th a t  T2 re la x a tio n  during 
the pulse was minimal. Section 2.3.1 shows th a t  for an approximately 
rec tangu lar  bandwidth a many noded sine  i s  req u ired . Such a s in e ,  with 
a width ofl’Sms would req u ire  strong g rad ien ts  to  produce a narrow 
se le c t io n  s l i c e .
F ig .3.17 The r e la t io n s h ip  between the  sinc-shaped and the  frequency
A s a t i s f a c to ry  compromise was the  th re e  node s ine  weighted with a
Gaussian e x p ( -0 .3 t ) .  This has the i r r a d ia t in g  shape shown in  Fig.2.3» 
and i r r a d ia te d  a bandwidth of 4KHz. For the  r a t  a minimum s l ic e
th ickness o f  4mm was used, and a z -g rad ien t s tren g th  o f  10KHz/cm or
2.3G/cm defined th i s  s l i c e  th ick n ess .  The s ig n a l was rephased by 
applying a refocussing  g rad ien t of  approximately 55% of the  o r ig in a l  
gradient power, following the s e le c t iv e  90° p u lse .  This power was
a lte red  u n t i l  the maximum s igna l was obta ined . Several attem pts were
o ©
made to  implement a s e le c t iv e  180 pu lse . A n o n -se lec t iv e  180 pulse was
o
used in the  inversion  recovery sequence, but a s e le c t iv e  180 pulse was
Oused m the spin-echo sequence. The s e le c t iv e  90 pulse was not p e r fe c t
and some of the sample ou tside  the s e le c t iv e  s l i c e  saw le s s  than a 90
©
pulse. After a non -se lec tive  180 pulse some m agnetisation remained in
the x-y plane and for sh o rt  tau  values added to  the  rephased echo.
o
Using a se le c t iv e  180 pulse removed th i s  problem. Although the  
0
s e le c t iv e  180 pulse inverted  a l l  the sp ins they did not a l l  rephase 
giving an a ttenuated  echo.
To obtain  T2 values from images, two images were taken o f  each s l i c e  
with two d i f f e re n t  X values and the T2s ca lcu la ted  from them. To use a 
shaped pulse in the  imaging sequence, the computer ca lcu la ted  the shape 
and stored i t  in  a look-up ta b le .  When a pulse was required the 
s ta r t in g  address of the  look-up ta b le  was passed to  the  assembler 
rou tine  which output the  shape via an 5 - b i t  DAC.
Resolution along the z -ax is  was 4mm, th a t  w ithin the  plane was defined 
by the magnet homogeneity and the sampling time. To define  a 128*128 
image with a linewidth o f  34Hz, a 4.4KHz bandwidth was required to 
resolve the linewidth peaks. To minimise the overlap  o f  information 
between adjacent p ix e ls  without using a very strong g rad ien t required 
th a t  some compromises were made between the  s tren g th  of the  g rad ien t 
and the s ig n a l- to -n o ise  r a t i o ,  and the r e so lu t io n .
3.9 THE PULSE SEQUENCES USED
A more complete d esc r ip t io n  o f  these  sequences i s  given in  chapter 6.
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3.9.1 REPEATED 90 PULSES
This pulse sequence was used to  ob ta in  d en s ity  information and i s  shown 
in Fig. 3.17.
RF pulse
90°I I
> l l
90°
I I
Plane
selection
gradient
Imaging
gradients
Signal
I l 
I I
\
I I
F ig .3.17 The Repeated 90 pulse sequence.
I f  Tr>>5T1 th i s  produced an image which had p ixel values p rop o rtio n a l 
to  den s ity ,  i f  the r e p e t i t io n  r a t e  was f a s te r  the p ixel values had a T1 
dependence which varied with r e p e t i t io n  r a t e .  The sinc-shaped pulse 
was applied with the z-g rad ien t on to  s e le c t  the  s l i c e ,  following t h i s  
the g rad ien t was reversed , and the s igna l  recorded in the  presence of 
the imaging g rad ien ts .  The NMR response to  t h i s  sequence i s
M+(0) = 0
M*(0) = -Mo(1-exp(-Tr /T i ) )
. . . . 3> 25
where Tr»T2
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The inversion  recovery sequence was used to  produce images with a 
strong T1 dependence, f i g . 3.18
180°
RF pulse
Plane
selection
gradient
Imaging
gradients
Signal
90°
'£
1800
r
F ig .3.18 The Inversion Recovery pulse sequence.
p
A 180 pulse was applied which inverted  the m agnetisation which was then 
allowed to recover towards the equilibrium  value along the z ’ axis fo r  
a length o f  time X.  The r a t e  of the recovery depends on the  T1. The
os e le c t iv e  90 pulse and corresponding rephasing allowed one to  in sp ec t  
how fa r  the magnetisation had recovered, and the s igna l was recorded 
with the  imaging g rad ien ts  on. I f  T1 0 7 the value in  the  p ixe l  was 
p o s i t iv e  , i f  T1>T the  value was negative .
When (Tr+T)>T1 then the  response to  t h i s  sequence is
M * ( t ) = 0
M * ( 0  = M0 ( l - 2 e x p ( - T / T i ) )
*7
. . . .  3-26
The method for tak ing  th i s  image i s  shown in  f i g . 3.18 , fo r  the  o ther  
sequences the  d if fe ren ces  are obvious.
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F ig ,3 .19 The Method for tak ing  an Inversion Recovery Image
3 .9 .3  THE SPIN-ECHO SEQUENCE
This sequence was used to  produce images w ith  a strong T2 dependence
f i g . 3 .2 0 .
73
RF pulse
Plane
selection
gradient
Imaging
gradients
Signal
I I II I J
r T -xrr
F ig .3.20 The Spin-Echo Pulse Sequence
9
The s e le c t iv e  90 pulse and corresponding rephasing excited  the  system 
which was allowed to  re lax  during *t, in t h i s  time dephasing of sp ins  
occured, how much depended on the  T2 value. The s e le c t iv e  180°pulse 
reversed the dephasing d ire c t io n  and caused an echo s igna l to  be formed 
a t  t=2T. The amplitude of th i s  echo depended on the  T2 through out the  
s l i c e ,  and was unaffected by f ie ld  inhomogeneities.
I f  (2T*-Tr)>T1 then the  NMR response to  t h i s  sequence i s  given by
Mx ( 2 t )  = 0
My(2f) = Moexp(-2T/T2)
 3.27
These pulse sequences show the grad ien ts  being turned on slowly, tak ing  
between 0.1 and 0.5 ms. This avoided inducing s ig n i f ic a n t  eddy 
cu rren ts  and inductance problems caused by the  m u lt i- tu rn  g rad ien t 
c o i l s .  Where severa l  DACS needed to be co n tro lled  a t  once th e  values 
required were in te rleaved  in the lookup ta b le s  and the  assembler 
contro l program output po in ts  to  the DACS in tu rn .
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Values from displayed images were obtained using an image analysis  
program. This allowed regions of in t e r e s t  to  be se lec ted  and gave the 
average p ixel value and s ta rd a rd  dev ia tion  for th a t  reg ion . From these 
values and equations 3 . 25‘-3.2i7 the re lax a tio n  times o f  the  regions of 
in t e r e s t  could be c a lc u la te d .
3.10 CALIBRATION
One aim of t h i s  work was to  obta in  re lax a tio n  parameters and monitor 
changes in them. Thus i t  was necessary to  c a l ib r a te  the  system in 
terms of accuracy and p rec is io n .
The values obtained from f iv e  dens ity  images repeated in succession 
gave a 3% v a r ia t io n .  R elative values only were produced unless  the 
d iffe rence  in rece iv e r  a t te n u a to r  s e t t in g  were accounted fo r .  This 
could be ca rr ied  out in  software or by includung a standard phantom 
with each image.
When the  same phantom was imaged several times but using a d i f f e r e n t  
number o f  averages, the  system was shown to  be l in e a r  to  w ithin 5%t 
f i g . 3.21
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F ig .3.21 Image value agains t number of averages.
Images obtained using mixtures of Dt O and H^ O also  showed a l in e a r  
re la t io n sh ip  to  w ithin 5% between the amount of HxO and the value 
obtained.
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F ig .3.22 Image value against amount of H^ O p resen t.
For in v e s t ig a t in g  the accuracy with which the  system can measure T1, 
f iv e  samples o f  Copper Sulphate doped water with d i f f e r e n t  T1 values 
were made up. Their T1 values were measured f i r s t  in bulk and then 
from an image. For the image a inversion  recovery sequence was used 
with T:=500msf and a 90-Tr image taken to  ob ta in  a r e l a t iv e  Mo. The 
r e s u l t s  are shown in  F ig .3.23. The sh o rt  T1 were inaccura te  because 
the value used was too long. The long T1 was inaccura te  because the  
r e p e t i t io n  r a t e  o f  2.5s did not allow 5T1 between r e p e t i t io n s .  For the  
T1s in the  b io lo g ica l  range 250ms-750ms, the  agreement between bulk and 
image values i s  5%.
I l l u s t r a t e d  on n t* t  page.
Fig. 3.23 T1 values obtained from bulk measurements compared with
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those obtained from images.
C alib ra tion  for T2 was more d i f f i c u l t  because of the lack o f  su i ta b le  
phantoms and the small s ig n a l s ize  due to  the in c o r re c t  rephasing of 
the s e le c t iv e  180 pu lse . Spin-echo images, using T values o f  10 and 
15ms, of a phantom f i l l e d  with egg yolk gave T2=23ms±15%. The bulk 
value, a lso  obtained using the spin-echo method with s e le c t iv e  pulses 
gave T2*27ms ± 15%. The s e le c t iv e  180° pulse was poor and the
s ig n a l- to -n o ise  r a t io  on these  images low, giving a T2 in e r ro r  by as 
much as 30%.
3.11 CONCLUSION
The Nuclear Magnetic Resonance Imaging system produced 128*128 den s ity ,  
T1 and T2 weighted images using e i th e r  p ro jec tion  reco n stru c tio n  or 
spin-warp pulse sequences. The plane th ickness  was 4mm and the 
re so lu tio n  within the plane was 1mm*1mm. R elative d ens ity  values from 
the images were reproducib le  to  within 3%, T1 and T2 values ca lcu la ted  
from the images are  accurate  to  with 5% and 30% re sp e c t iv e ly .
Many imprpvements a re  s t i l l  possib le  on t h i s  system. The 
s ig n a l- to -n o ise  r a t i o  can be improved by c o i l  design. The noise  a t  
present i s  generated h a l f  by the  probe and h a l f  by the  sample. The 
sample noise should dominate and so more c a re fu l  probe design could 
decrease i t s  co n tr ib u tio n .  The use of surface  c o i l s  fo r  rece iv in g  has 
been shown to  give an upto 10 times improvement in  s ig n a l- to -n o is e  
r a t i o  (Sauter e t  a l  1984), and th is  would be another area  of 
improvement. Increased magnet homogeneity w i l l  allow fo r  smaller 
grad ien ts  to  be used, so th a t  the image information i s  contained in a
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narrower bandwidth. For in s tan ce ,  i f  the  magnet linew idth  was 
dominated by T2 e f f e c t s ,  then from equation 3*1 the linew idth  i s  about 
10Hz for a T2 of 30ms, the  reduction  in  bandwidth would give a fa c to r  
of 2 improvement in  s ig n a l- to -n o is e  r a t i o .  The implementation of 
quadrature d e tec tion  w il l  give a y/2 improvement in s ig n a l- to -n o ise  
r a t io .
With an improved s ig a n l- to -n o ise  r a t i o  i t  i s  poss ib le  to  decrease the  
plane th ick n ess .  This would r e s u l t  in  sharper d e f in i t io n  on th e  images 
and reduce p a r t i a l  volume e f f e c t s .  A reduction  in  p a r t i a l  volume 
e f fe c ts  would allow more accurate  determ ination of the  re la x a t io n  
r a t e s .  For T2 values to  be more accura te ly  defined an improved
o
s e le c t iv e  180 pulse i s  necessary . This s e le c t iv e  pulse w i l l  a lso  be 
required in the inversion  recovery sequence i f  m ultip lanar imaging is  
introduced. M ultiplanar imaging w il l  be tim e-saving and very necessary 
in cases where the  pos it io n  for imaging is  not accu ra te ly  known.
Time saving in the  data manipulation would be av a ilab le  with a la rg e r
memory computer and an a rray  p rocesser.
I t  would a lso  appear t h a t  s ig n a l- to -n o ise  r a t io  w i l l  improve 
approximately l in e a r ly  with frequency. At higher frequencies  the  T1
and T2 co n tras t  obtained is  reduced, and so what should r e a l ly  be
considered i s  the  c o n tra s t- to -n o is e  r a t i o .  The advantages o f  working 
at higher frequencies are  s t i l l  under d iscuss ion .
A combination of these  improvements on the  in term edia te  imaging system 
could lead to  an increase  o f  50 times in  the  s ig n a l- to -n o is e  r a t i o ,  
which can be t ra n s la te d  in to  l e s s  averaging or images with a b e t t e r  
s p a t ia l  d e f in i t io n .
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CHAPTERS THE NMR RESPONSE OF HEALTHY TISSUES
4.1 INTRODUCTION
The NMR p ro p e r t ie s  of b io lo g ica l  t i s s u e s  as seen by NMR imaging would 
be expected to  a r i s e  mainly from water, with about 10-4056 from f a t s .  
Signals from hydrogen in p ro te in s  and o ther la rge  molecules are 
in s ig n i f ic a n t .  To fu rth e r  the  understanding of the  underlying 
processes responsib le  for the normal and the many diseased s t a t e s  of 
t i s s u e  i t  i s  necessary to  c o r re la te  the  NMR p ro p e r t ie s  with the  
b io lo g ica l  s t a t e s .  The parameters normally considered fo r use in  t h i s  
t i s s u e  c h a ra c te r is a t io n  are the  re lax a tio n  r a te s  1/T1, 1/T2 and the  
proton d en s ity /> . An ad d it io n a l parameter, the  molecular t r a n s la t io n a l  
d if fu s io n  c o e f f ic ie n t ,  can a lso  be used. The development of the  
imaging technique to  provide a s p a t i a l  map of t h i s  parameter i s  
discussed in Chapter 7.
Close monitoring of the t i s s u e  c h a r a c te r i s t i c s  could be h e lp fu l  in the  
in te rp re ta t io n  of images of low c o n tra s t ,  in monitoring the 
e f fec t iv en ess  of treatm ent, and even in id e n tify in g  p re -d isease  
conditions as some in -v i t ro  work has in d ica ted , (Hazelwood e t  a l  1972). 
Further, s ince the  design c r i t e r i a  fo r  an NMR imaging system and the 
methods of imaging are c lose ly  linked with the  measured NMR parameters 
of an o b je c t ,  t h i s  c h a ra c te r isa t io n  would lead to  the design of more 
s e n s i t iv e  imaging schemes, (Chapter 6).
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The NMR p ro p e r t ie s  o f  t i s s u e s  are  very d i f f e r e n t  from those of pure 
water. The T1 i s  about 10 times sh o r te r ,  the  T2 i s  about 50 times 
shorter  and the d if fu s io n  c o e f f ic ie n t  i s  about h a l f  th a t  of  water. 
There are two basic  models o f  t i s s u e  water which can account fo r the  
observed p ro p e r t ie s .  Both are  based on a proposal by Ling (1962) th a t  
in te r c e l lu la r  water e x i s t s  as m ultip le po la r ised  lay e rs  adsorbed onto 
the c e l l  p ro te in s  (macromolecules).
Biological macromolecules induce a c h a r a c te r i s t i c  water s t ru c tu re  in 
th e i r  c lose v ic in i ty  due to  weak macromolecule-water in te ra c t io n s .  The 
solvent water molecules in te r a c t  with th e  so lu te  spec ies  by 
e l e c t r o s t a t i c  forces (d ispers ion  and induction fo rces)  because of the  
high dipole  moment of water, as well as through extensive hydrogen 
bonding by v ir tu e  of the  p o te n t ia l ly  a v a i la b le  proton donor and 
acceptor s i t e s .  Consequently, macromolecules form a w ell-defined  
hydration layer in s o lu t io n .  The m obility  and ex ten t of  o rdering  of 
hydration water molecules i s  d i s t i n c t ly  d i f f e r e n t  from th a t  
ch a rac te r is in g  the f a s t  and random motion of the  bulk water.
*4.2.1 S tructured water model
Proponents of t h i s  model hold th a t  the  in te ra c t io n  of macromolecules 
and ions with c e l lu l a r  water extends over the  whole i n t r a c e l lu l a r  
water, producing an o v e ra l l  r e s t r i c t io n  o f  m o b ili ty .  Damadian (1971) 
suggests th a t  the v a r ia t io n  in re lax a tio n  times i s  due to  v a r ia t io n s  in 
the degree of s t ru c tu re  between d i f f e r e n t  t i s s u e s .  This ’’s tru c tu re d ’1 
c e l l  water model can account for observed p ro p e r t ie s .  However, i t  i s
between t i s s u e  water content and re lax a t io n  r a te s  observed in the  
in -v i t ro  case, and possib ly  in the  in-vivo case.
4 .2 .2  The Two-Phase Model
More generally  a two-phase model i s  used. I t s  bas ic  assumption i s  th a t  
c e l l  water i s  comprised of two rap id ly  exchanging f r a c t io n s .  A small 
f ra c t io n  of the water i s  in hydration layers  and the r e s t  e x i s t s  as 
f ree  water. Free water (F), where the  water molecules are unperturbed 
by the macromolecules, has c h a r a c te r i s t i c s  id e n t ic a l  to  those o f  bulk 
water. The hydration water i s  bound to  or associa ted  with the
macromolecules and the  f ra c t io n  of water in t h i s  compartment increases
with the  concentration of the  d issolved so lu te .  In add ition  hydration 
water subdivides in to  two types ( i )  c r y s ta l l in e  (C), s p e c i f ic  absorbed 
water which i s  bound t i g h t ly  with m ultip le  bonds in to  the
macromolecular s t ru c tu re ,  and ( i i )  general hydration water (H) which i s  
more loosely  bound. The motion o f  water molecules in th e  c r y s t a l l i n e  
f ra c t io n  i s  determined by the  motion of p ro te in  molecules or t h e i r
lo ca l ised  group. This su b jec t  has been ex tensive ly  reviewed, fo r  
example, see Mathur-De-Vre (1979), or F u lle rton  e t  a l  (1982).
 C
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F ig .4.1 Schematic re p re sen ta t io n  of the  fundamental
phases, F :f ree  water, H:hydrated water, and C rc ry s ta l l in e  water.
The in te ra c t io n  between water and sp e c i f ic  binding s i t e s  on the  
macromolecular chains r e s u l t s  in  s p e c if ic  hydration . The main evidence 
for two water phases l i e s  in the  observation of a non-freezing  
component in a g rea t v a r ie ty  of b io lo g ica l  systems.
Using t h i s  model, the T1 parameter of t i s s u e s  i s  dominated by two 
fa c to rs ,  the  t o t a l  t i s s u e  water content and the a b i l i t y  of the  
component macromolecules to  bind water in  th e  hydration la y e r .  T1f 
(the T1 of the f ree  f ra c t io n )  should not vary from one system to 
another. However, the value of T1h (the T1 of the  hydrated f ra c t io n )  
may not be the  same for d i f f e re n t  t i s s u e s  even i f  the  T1f values are 
equal. Thus the  observed re lax a tio n  r a t e  i s  considered to  be the  
weighted average of th a t  fo r  the two f ra c t io n s ,  water molecules th a t  
are hydrated to macro molecules and the remainder of water molecules.
*1 = x + (1 -x)
Ti Txh + t Ti f
 4 . 1
x i s  the  m olefraction of the  hydrated f ra c t io n  and the residence time X 
is  considered short compared to  T1h and T1f.
The sp in-sp in  re lax a tio n  process i s  weakly a ffec ted  by the  amount of 
t i s s u e  water and the a b i l i t y  of i t  to  bind, but i s  more s tro n g ly  
a ffec ted  by the concentration of the  c r y s ta l l in e  water binding s i t e s  
and the th ickness  of the  hydrated water.
Many patho log ical and physio logical conditions  perturb  the  "water 
balance" of c e l l s  and t i s s u e s .  The "water balance" is  the  t o t a l  water
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macromolecular-water in te ra c t io n s .  This p e r tu rb a tio n  can be observed 
by monitoring the changes in  T1 and T2.
The reduction  in  th e  d if fu s io n  c o e f f ic ie n t  by a fa c to r  o f  two can be 
la rg e ly  explained in terms of a b a r r ie r  e f f e c t  of the  macromolecules.
4.3 NON-EXPONENTIAL RELAXATION
The re lax a tio n  times T1 and 12 can give information about the  dynamic 
behaviour and the  s t ru c tu re  of t i s s u e  water, and about in te ra c t io n s  
between water and c e l lu la r  macromolecules. However, the  T1 and 12 
magnetisation recovery, i . e .  the  decay curves, of b io lo g ic a l  t i s s u e  
are in p r in c ip le  never a s in g le  exponentia l. Some common causes of 
m ulti-exponentia l behaviour are given below.
D ifferen t Submagnetisations
Several iso la te d  submagnetisations Mi, with re la x a tio n  times Ti 
con tr ib u te  to  the NMR s ig n a l .  The r e la x a t io n  i s  the  sum magnetisation 
given by
Ti=T1i,T2i, MCt) may be the  long itud ina l  or tran sv e rse  m agnetisa tion .
Cross-Correlation
i i 4.2
I f  two or more m agnetically  inequivalen t sp ins  re lax  each o th e r ,  t h e i r
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in general. For two spins A and B
2 2 z A  =  ( M o  W y ) a  +  ( M e  -  Mz ) b  
dt Txa ^
 4 . 3
where Tab i s  the  cross re la x a t io n  time co n s ta n t.  An analogous 
equation for dMzB/dt ho lds. The so lu tio n  of equation 4.3 i s  given by
MzA = Cxexp(-Xit) + C2exp(-X2t)
. . . . 4 . 4
C1 and C2 depend on th e  prepara tion  of the  spin system and a t  time t=0, 
and C1, C2, A1 and A2 depend on Moa,Mob, T1a, Tib, Tab, Tba.
Cross-Relaxation
I f  two equivalent spin 1/2 n uc le i  are  mainly relaxed by mutual d ipo la r  
in te ra c t io n s ,  t h e i r  r e la x a tio n  i s  a s in g le  exponentia l. I f  more than 
two ( in )equ ivalen t sp ins  are involved the re la x a t io n  may become 
m ulti-exponentia l, because the  co rre la ted  motioons o f  the  re la x a t io n  
vectors  prevent the  in te ra c t io n s  between spins to  be added as
independent pairw ise in te ra c t io n s .
Chemical Exchange
Exchange between 2 regions A and B can be described
dHzA = (H. -  MZ)A -  «gA * HzB
TlA ^  TB
and an analogous equation for dMzB/dt. T1a and T1b are th e
long itud ina l  re lax a tio n  times in the  absence of exchange, and *£b
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AMENDMENTS to  th e  PhD T h esis  o f M ary-Clare BUSHELL
" Interm ed iate  S ca le  NMR Im aging"
CORRECTIONS TO THE TEXT
p . 2 . l i n e  4 " g y r o m a g n e t i c "  r e p l a c e d  b y  " m a g n e t o g y r i c "
p . 3 . l i n e  16 "m+1" r e p l a c e d  b y  " m il"
p .  11 l i n e  5 " ( l - c o s 0 ) "  r e p l a c e d  b y  " ( l - 3 c o s 20 O "
p .  14 e q u a t i o n 1 . 3 5 "kM -M " r e p l a c e d  b y  "k(M -M )"  — z  o  — z  o
p .  21 e q u a t i o n 2 . 1 "M + =IM " r e p l a c e d  b y  "M +=IM w h en  T ,= T  " y  o  ^   ^ o  o  1 2
p . 23 l i n e  18 "May 1 9 8 2 a "  r e p l a c e d  b y  " T a y l o r  1 9 8 1 "
p . 2 7 F i g .  2 . 2 C a p t i o n  "The F o u r i e r  T r a n s f o r m "  r e p l a c e d  b y  
"The s o l u t i o n  o f  t h e  B l o c h  E q n s  u s i n g B ^ "
p .  28 F i g .  2 . 3 C a p t i o n  "The F o u r i e r  T r a n s f o r m "  r e p l a c e d  b y  
"The s o l u t i o n  o f  t h e  B l o c h  E q n s  u s i n g  B^"
p . 32 e q u a t i o n 2 . 1 1 " h ( r ) = i ^  r  " r e p l a c e d  b y  "h ( r ) = 1 / (2JT2 r 2 ) "
p . 33 F i g .  2 . 6 C a p t i o n  " f u n c t i o n "  r e p l a c e d  b y  " f u n c t i o n  ( c o s i n e 2
p . 36 e q u a t i o n 2 . 2 0 " G y ts "  r e p l a c e d  b y  "Gyt"
p . 39 l i n e  14 "B f i e l d "  r e p l a c e d  b y  "B^ f i e l d "
p .  49 l i n e  18 " p u l s e  p o w e r  may b e  10"  r e p l a c e d  b y  " p u l s e  a m p l i t i  
may b e  1 0 7 " .
p . 51 l i n e  15 " w a s a s "  r e p l a c e d  b y  "was"
p . 52 l i n e  2 " n a n o v o l t s "  r e p l a c e d  b y  " m i c r o v o l t s "
p . 53 l i n e  5 "MC1495" r e p l a c e d  b y  "MC1496"
p . 56 F i g .  3 . 1 1 C a p t i o n  " S e r i e s  & P a r a l l e l "  r e p l a c e d  b y  " P a r a l l e l  
& S e r i e s "
p . 61 l i n e  7 " l e s s "  r e p l a c e d  b y  " g r e a t e r "
p . 62 l i n e  15 " 3 . 2 0 "  r e p l a c e d  b y  " 3 . 1 9 "
p . 6 8 l i n e  15 - " T u r k e y "  r e p l a c e d  b y  " T u k ey  ( 1 9 6 5 ) "
p .  6 9 l i n e  9 " ( - 0 . 3 t ) "  r e p l a c e d  b y  " ( - 0 . 3 t 2 )"
p .  77 l i n e  10 "7%" r e p l a c e d  b y  "5%"
p . 8 6 l i n e  11 " 1 9 8 4 "  r e p l a c e d  b y  " 1 9 8 3 "
p . 90 l i n e  4 "15m s" r e p l a c e d  b y  "15m s (Tr = 1 . 5 s ) "
p .  1 0 5 l i n e  1 9
p . 1 0 9 l i n e  5
p . 1 1 0 F i g .  5 . 2
p . 1 1 4 l i n e  9
p . 1 2 5 l a s t  l i n e
p . 1 3 0 F i g s  6 . 4
p . 1 3 4 F i g .  6 . 9
i n s e r t  a t
b o t t o m
p . 1 3 6 e q u a t i o n
e q u a t i o n
e q u a t i o n
F i g .  6 . 1 1
" C r o o k s "  r e p l a c e d  b y  " H e r f k e n s "
i n s e r t  a t  e n d  "a w e i g h t e d  im a g e  i s  t h a t  p r o d u c e d  
b y  t h e  i n v e r s i o n  r e c o v e r y  p u l s e  s e q u e n c e "
C a p t i o n  -  i n s e r t  a t  e n d  o f  C a p t i o n  " ( d a y s  4 ,  7 ,  1 3 ) "
" t e c h n i q u e s "  r e p l a c e d  b y  " b i o c h e m i c a l  t e c h n i q u e s "
i n s e r t  a t  e n d  " f o r  a n y  p u l s e "
-  6 . 6  " R a t e "  r e p l a c e d  b y  "Tim e"
/
" T ^ = 1 . 5 s " r e p l a c e d  b y  "T^ = 1 . 5 s "
" U s i n g  a  s l o w  r e p e t i t i o n  r a t e  o f  5 s , t h e  m inim um  t i m e  
t o  o b t a i n  d e n s i t y  a n d  i n v e r s i o n  r e c o v e r y  i m a g e s  i s  
1 0 . 5 s  p e r  p r o j e c t i o n ,  ( u s i n g T  = 0 . 5 s ) . I n  t h i s  t i m e  
i t  i s  p o s s i b l e  t o  a v e r a g e  many t i m e s  u s i n g  t h e  
f a s t e r  r e p e t i t i o n  r a t e s  a n d  t h i s  p r o v i d e s  i n c r e a s e d  
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s o lu tio n  is  double- e xp o n en tia l.
In NMR imaging of b io lo g ica l  t i s s u e s  the  f i r s t  of these  i s  important 
since p a r t i a l  volume and blood flow e f fe c t s  lead to  the  p ixe l  
containing a number of d i f f e r e n t  sub-m agnetisations. In b io lo g ic a l  
t i s s u e ,  th e re  are severa l magnetic nucle i p resen t,  not ju s t  hydrogen, 
and so c ro ss - re la x a t io n ,  with nitrogen nucle i fo r  example, i s  p o ss ib le .  
Some chemical exchange w il l  take p lace , i f  the  exchange r a t e  i s  slow 
Ta, »1/0eaa-*>b), equation 4 .5  ho lds. I t  has been estim ated th a t  fo r  
proton re lax a t io n  in  t i s s u e s  non-exponential r e la x a t io n  due to  
c ro ss -c o r re la t io n  can be neglected , (Bovee 1985).
i
4.4 IN-VITRO CHARACTERISATION OF TISSUES
The in -v i t ro  work suggested th a t  th e re  i s  a f i r s t  order c o r re la t io n  
between the  in t r a c e l lu l a r  water content of  a t i s s u e  and i t s  r e la x a t io n  
r a t e ,  (Lautebur e t  a l  1976). Lautebur's  r e s u l t s  have shown q u i te  
s t r ik in g ly  what might be described as a re lax a tio n  time am p lif ica tio n  
e f f e c t  embodied in the  re la t io n sh ip
p = 0 . 6 5  + 0 . 1 2 6 T i
. . . . 4 . 6
where T1 is  measured in seconds and p  i s  the  f ra c t io n a l  water co n ten t.  
In i t s  d i f f e r e n t i a l  form we obtain
ATi = 7 . 9 4 A p
 4.7
showing th a t  due to  the magnitude of (1/T1)b, small changes in  water
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in T1, (Mansfield and Morris 1982d). This i s  the b as is  behind the
d es ire  to  form NMR images which r e f l e c t  a T1 d is t r ib u t io n  r a th e r  than 
simply spin d en s ity .
4.5 IN-VIVO CHARACTERISATION
The obvious d if fe ren ce  between in -v ivo  and in -v i t r o  t i s s u e  i s  blood 
flow. The response of the  blood w i l l  be added to  th a t  of the  t i s s u e  
and the re lax a t io n  times measured w i l l  now a lso  depend on the  amount of 
blood in the  t i s s u e  and the e f f e c t  of flow on th e  measurement.
In an ana ly s is  of  the  data from more than 100 p a t ie n ts  imaged on the  
Whole Body Scanner a t  Hammersmith H ospita l, Bore (Bore 1982b) found
th a t  th e re  was no longer a c o r re la t io n  between T1 and water con ten t,  
and th a t  the simple two-phase model could not explain the  NMR response.
Moon and colleagues have studied  the in -v ivo  NMR response of r a t
t i s s u e s  and have found some c o r re la t io n  between water content and T1 
re lax a tio n  r a t e s ,  although they f ind no c o r re la t io n  between the
hydrogen dens ity  values and water con ten t,  (Moon e t  a l  1983). This 
l a s t  comment gives an in s ig h t  as to  why the  r e s u l t s  are  in  apparent
disagreement. The water content values used by Bore were obtained from
hydrogen dens ity  images and so are r e a l ly  the hydrogen d en s ity  r a th e r  
than the  water content and include c o n tr ib u tio n s  from blood and f a t  
e t c . .  The values used by Moon are obtained by removing the t i s s u e  and 
drying i t  in  an oven to  c a lc u la te  the  ac tu a l  water con ten t.  Moon e t  a l  
have suggested an a l te rn a te  model to  explain  the  NMR response from
t i s s u e s ,  based on an ana ly s is  o f  t h e i r  r e s u l t s .  They suggest t h a t  the  
T1 value of a t i s s u e  i s  determined in a la rg e  p a r t  by the  balance of
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with low l ip id  content appear to  be p r im arily  determined by the  water 
content, w hils t  those with high l i p id  content are  determined by the  
l ip id  con ten t.  In the  T2 case the  re la t io n s h ip  i s  not so s t r a ig h t  
forward. Fat fo r  instance has a long T2 and a high l ip id  content 
implying th a t  the  water and l ip id s  are  ac tin g  together to  prolong T2. 
When the l ip id  content of  a t i s s u e  i s  sm all, the  T2 re lax a tio n  r a t e  
(1/T2) c o r re la te s  s trong ly  with t i s s u e  water content although to  a 
le s se r  degree than the  T1 re lax a tio n  r a t e .  This model i s  s t i l l  to  be 
fu l ly  developed and evaluated.
In imaging then, the  re la t io n sh ip  between T1 and water content i s  not 
as app licab le  as in the  in -v i t r o  s tu d ie s ,  although i t  can s t i l l  a c t  as 
a guide. For example, the l iv e r  has a r e l a t iv e ly  low water content and 
a sh o rt  T1 (high re lax a tio n  r a t e ) ,  w h ils t  b ra in  and muscle have a 
higher water content and a longer T1.
4.6 TISSUE CHARACTERISATION
C harac te r isa tion  must n a tu ra l ly  s t a r t  with hea lthy  sub jec ts  and th re e  
questions must be addressed. ( i )  Given id e n t ic a l  experimental 
conditions on the  same imaging system is  i t  poss ib le  to  measure NMR 
parameters p re c ise ly  and how do these  measured values vary between 
s im ilar  in d iv id u a ls  and ind iv iduals  of d i f f e r e n t  age, sex and sp e c ie s ,  
( i i )  I s  i t  poss ib le  to  c o r re la te  th e  r e s u l t s  obtained on an in d iv id u a l  
imaging apparatus with those obtained on o ther  systems using d i f f e r e n t  
frequencies and d i f f e re n t  experimental techniques? ( i i i )  And f in a l l y ,  
what a re  the  underlying physical processes on a microscopic l e v e l ,  
determining these measured values?
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questions, and d iscusses  the  o th e rs .  I t  i s  obvious t h a t  such s tu d ie s  
must be ca r r ie d  out in -v ivo  and for i n i t i a l  f e a s i b i l i t y  s tu d ie s  i t  i s  
une th ica l  and im prac tica l to  use humans, t h i s  leads  to  the use of 
labora to ry  animals.
4.6.1 Experimental Technique
Three scanning sequences were used fo r t h i s  work, the  repeated 90, the 
inversion recovery and the spin-echo sequence (sec tio n  3 .9 ) .  These 
sequences produce images whose p ixe l values have d i f f e r e n t  dependencies 
on th ree  NMR parameters, T1, T2, and proton d en s i ty .
The magnetisation recovery in b io lo g ica l  t i s s u e s  i s  not described by a
s ing le  exponentia l, (sec tion  4 .3 ) .  In t h i s  work, due to  imaging
r e s t r i c t io n s  T1 and T2 values are not obta ined . Instead tim e-constan ts
are measured, which are  assumed to be monoexponential. These time 
constants  w i l l  be denoted by T1** and T2** to  d is t in g u ish  them from the 
m ultiexponential T1 and T2. When 'fc>>T2** and Tr»T1** these
dependencies are given by
My = Mo(1-exp(-Tr /Ti )) repeated 9 0 's
/ X yMy = Mo(l-2exp(-x/T1 )) inversion-recovery
My = Moexp(-2 T '/T 2 ) spin-echo
 4.8
From these equations, values of T1** and T2** for given reg ions  on an 
image were c a lcu la ted .  S e lec tive  e x c i ta t io n  was used to  define  the  
s l i c e .  The plane th ickness  was 4mm, w hils t  the  s p a t i a l  r e so lu t io n
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reco n stru c tio n . Values of 500ms and 1.5s were used for X  and Tr 
re sp ec tiv e ly .  To obtain  the  co r re c t  T2** values i t  was necessary  to  
take two spin-echo images with *E! = 10ms and to  inadequate
rephasing of the s e le c t iv e  180 degree pulse (sec tion  3 .$ ) .  For a l l  
images four averages were taken with a t o t a l  imaging time of between 12 
and 16 m in u te s .  The r a t s  used for t h i s  work, unless  otherwise s ta te d  
were mature Wistar females, U niversity  of Surrey s t r a i n ,  of 250-300gms 
in weight. During imaging the sub jec t was anaethe tised  using sodium 
p en tab a rb i ta l  ( in t e r p e r i to n e a l ) , and i t  remained in th e  magnet fo r  
about 90mins., w h ils t  the  four images of the  se lec ted  s l i c e  were 
obtained. Images were taken through the  b ra in ,  ch es t ,  and the  upper 
and lower abdomen.
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Fig.4.2a A T2 weighted NMR image (top), with the sketch showing
organs (bottom) of the h e a r t /lu n g  reg io n  o f a r a t .
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Fig.4.2b A T1 weighted NMR image (top), with the sketch showing
organs (bottom) of the l iv er  region o f  a rat .
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Fig. 4. 2c A T2 weighted NMR image (top), with the sketch showing
organs of the kidney region of a rat.
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age, sex and species
A p lo t  o f  the  mean and standard dev ia tions  of T1** and T2** for s ix  
d i f f e r e n t  t i s s u e s  of female Wistar r a t s  measured in-v ivo  i s  shown in  
F ig .4 .3 .
I l l u s t r a t e d  on next page.
Fig. 4.3 Mean and Standard Deviations o f  T1** and T2** of Rat Tissues
The f a t  and muscle values a re  th e  average of 20 r a t s ,  the  l iv e r  and 
lung of 10 ra ts  and the  kidney and b ra in  of 5 r a t s .  The lung is  shown 
only in dashed form as the  values taken from th i s  t i s s u e  were known to  
have e r ro r s  due to  p a r t i a l  volume e f f e c t s .  Thus each o f  these  t i s s u e s  
can be uniquely defined by using T1** and T2** values and some 
knowledge of i t s  physical p o s i t io n ,  e .g .  b ra in  and kidney overlap  but 
are in very d if fe re n t  physica l lo c a t io n s .  Using T1** or T2** alone i s  
not s u f f ic ie n t  for adequate c h a ra c te r is a t io n .  The data  a lso  gave no 
c o r re la t io n  between the  d en s ity  value and T1** and T2**, but th e re  was 
a c o r re la t io n  of .77 between T1** and T2**. This in d ic a te s  t h a t  the  
physiological fac to rs  which cause changes do so in both r e la x a t io n  
r a t e s .  The main problem seems to  be the  la rge  s c a t te r  o f  d a ta ,  and 
deciding whether i t  i s  ’’r e a l ” or a function  of the technique.
4 .6 .3  Variation of T1** across a Single Organ
To in v es t ig a te  the  p o s s ib i l i ty  th a t  T1** values vary across  the  same 
organ a study was made o f  the  l i v e r .  This organ was chosen, s ince  due 
to  i t s  la rge  s ize  a la rg e  number of measurements could be taken . As
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images across the  region of the l iv e r  o f  a r a t .  Each T1** value 
ca lcu la ted  was an average of nine p ix e ls  and the values were p lo t ted  in 
histogram form. This was repeated for th re e  d i f f e r e n t  r a t s  and a 
s im ilar  histogram produced in each case. An example i s  shown in 
fig.JJ.**
Variation of T1 across the liver
all values
central values only
7
6
5
4
3
2
1
330310 350 370 390 410 430 450 470
T1 value/ms
Fig.M.H The v a r ia t io n  in  T1** across a Rat Liver.
The values ca lcu la ted  from regions c lose  to  the  edge of the  l i v e r ,  
where the  chance of p a r t i a l  volume e f f e c t s  i s  h ighest give a 
s ig n i f ic a n t ly  longer value for T1**. When only the  c e n tra l  values are 
p lo tted  th i s  spread is  reduced. The two remaining high values may have 
been taken from regions where th e re  are  la rg e  blood v esse ls  or where 
the l iv e r  lobes overlap .
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Some i n i t i a l  work was ca r r ie d  out to  in v e s t ig a te  the  v a r ia t io n  of the  
T1** of t i s s u e s  with time. Five r a t s  imaged a t  day 1 were a lso  imaged 
th ree  months l a t e r  and the T1**'s o f  f iv e  organs a t  each time were 
obtained. These r e s u l t s  a re  shown in  f i g . ^ .5 .
I l l u s t r a t e d  on n ex t  page.
F ig .4.5 The v a r ia t io n  of T1** of Rat Tissues with Time.
The average o f  the  f iv e  readings for each t i s s u e  a t  day 1 are p lo t ted  
against the average of the  f iv e  readings a t day 90. There i s  good 
agreement between them and from t h i s  prelim inary t e s t  th e re  seems to  be 
l i t t l e  v a r ia t io n  in  T1** with time when dealing with mature r a t s .  
However, c lose  examination of the  T1** of muscle t i s s u e ,  fo r  which 
T1**’s were av a ilab le  a t  in term ediate  times shows a s l i g h t  c y c lic  
v a r ia t io n .  This v a r ia t io n  could ju s t  be experimental e r ro r  or i t  could 
be linked to  physio log ical v a r ia t io n .  Further work would need to  be 
carried  out to  draw any d e f in i t e  conclusions. The v a r ia t io n  with time 
during the growing stages might a lso  be expected to  show g re a te r
d iffe ren ces .  In developing t i s s u e s  changes in c e l lu la r  o rg an isa tio n
occur which influence the  NMR parameters. I t  has been demonstrated
in-vivo th a t  the re lax a t io n  time of immature muscular t i s s u e  i s  about
twice as long as th a t  of mature t i s s u e .
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Five male and f ive  female Wistar r a t s  o f  approximately the  same age 
were imaged and the T1** and T2** values of s ix  t i s s u e s  ca lcu la ted  from 
the s e ts  of images. The r e s u l t s  are  shown in  Table 4.1 and 4 .2 .  There 
i s  very c lose  agreement between them e sp ec ia l ly  for T1** values. Thus 
i t  i s  apparent th a t  T1** and T2** values seem independent of sex.
4 .6 .6  V ariation  in the T1** and T2** of Tissues due to  the Species
Five male Wistar and f iv e  male Hooded r a t s  were imaged and the  T1** and 
T2** values of s ix  t i s s u e s  ca lcu la ted  from the  s e t  of images. The 
r e s u l t s  are  shown in Tables 4.1 and 4 .2 . Again th e re  i s  very c lose  
agreement between them. Thus i t  i s  u n lik e ly  th a t  T1** and T2** depend 
s ig n i f ic a n t ly  on species a t  l e a s t  when these  are c lo se ly  r e la te d .  
Values for these  t i s s u e s  from human s tu d ie s  are  s im ila r  in range, but 
in t h i s  case i t  i s  impossible to  t e l l  whether d iffe ren ces  are  r e a l  or 
due to  machine and/or techniques.
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-----^ A N IM A L
T I S S U E ^ ^ ^ ^ ^
MALE 
WISTAR RAT
MALE 
HOODED RAT
FEMALE 
WISTAR RAT
LIVER 345 ± 6% 352 * 3.6% 366 ± 1%
MUSCLE 492 ± 6.2% 502 * 4.3% 512 ± 5.4%
LUNG 446 ± 5% 495 ± 15% 504 ± 8.5%
BRAIN 586 * 2 . IX 575 * 3% 588 ± 3.7%
FAT 369 ± 4.2% 379 * 5% 354 * 9%
KIDNEY CORTEX 470 ± 2.5% 472 ± 8% 479 ± 7.8%
KIDNEY MEDULLA 610 ± 61 603 ± 4% 572 ± 9%
TABLE 1 Ti VALUES IN  MS
-------^A N IM A L
TISSUE —
MALE 
WISTAR RAT
MALE 
HOODED RAT
FEMALE 
WISTAR RAT
LIVER 23 ± 30% 21 ± 17% 29 ± 22%
MUSCLE 27 * 36% 27 ± 26% 28 ± 26%
LUNG 22 ± 32% 24 ± 46% 26 ±24%
BRAIN 28 ± 16% 22 ± 12% 38 ± 17%
FAT 31 * 15% 34 ± 35% 37 ± 49%
KIDNEY 41 ± 35% 42 ± 11% 41 ± 27%
TABLE 2 T? VALUES IN  MS
Table 4.1 and Table 4.2 The V ariations in T1** and T2** due to  sex and 
spec ies .
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In c h a ra c te r is a t io n  the  r e a l  problem i s ,  are the T1#* and T2** 
s u f f ic ie n t  to  base a d iagnosis  on. T1** and T2**fs measured on the  
same system in the  same way can obviously be compared, but how v a lid  is  
t h i s  comparison when d i f f e r e n t  techniques and systems are used. From 
th i s  po in t of view, i t  i s  in te re s t in g  to compare th ese  T1** and T2** 
values with those obtained by o ther workers. Herfkens and colleagues 
used a d i f f e re n t  imaging system and worked a t  a proton resonance 
frequency of 15MHz, as compared with the 17MHz used fo r my work. There 
i s  broad agreement between the  two s e ts  of T1 data , although they 
diverge as T1** increases ,  (Herfkens e t  a l  1981).
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F ig .4.6 Comparison of T1 values obtained from the system used by 
Herfkens e t  a l  and th a t  used a t  Surrey.
However, i f  the  T1#*fs obtained from each system are p lo t te d  ag a in s t  
each o ther as shown, ( f i g . 4 .6 ) ,  then the  c o r re la t io n  o f  .96 shows th a t  
although the average value are d i f f e r e n t  the  r e la t io n s h ip  between the
T1** values of each t i s s u e s  i s  s im i la r .  The dev ia tion  o f  t h i s  l in e
from the l in e  of eq u a li ty  implies t h a t  th e re  i s  an o f f s e t  between the
two systems or the devia tion  i s  due to  the experimental method which
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hydrogen present in the  macromolecules i s  not seen in  the  imaging
experiment, i t  does play a p a r t  in  the  re lax a tio n  of the  mobile 
protons. I f  a broad frequency band i s  i r r a d ia te d  the in te ra c t io n s  
between them w il l  be d i f f e re n t  from th a t  i f  a narrow band i s  ex c i ted .
Thus the  length of the  RF pulse can a f f e c t  the  measured re la x a t io n
tim es. There i s  a d iffe rence  of 2MHz in the  working frequencies  of the  
two systems and re lax a tio n  r a t e s  are known to  have a frequency 
dependence. However, Ling e t a l  (1980) have shown th a t  for in - v i t r o  
work T1 increases  with increasing  frequency which i s  the  reverse  e f f e c t  
to  th a t  shown here. Although the  age and sex of the  r a t s  used in 
Herfkens1 work are  not known, from sec tion  4 .6 .4  and 4 .6 .5 ,  these  
f a c to rs  would appear not to  a f f e c t  T1 and T2 measurements, un less  the  
animals were very young, which i s  an area  not yet in v e s t ig a te d .
The la rg e r  T1 v a r ia t io n s  seen in Herfkens’ work probably r e f l e c t  
p a r t i a l  volume e r ro rs  since the  s l i c e  th ickness  i s  twice t h a t  used in 
t h i s  work, 8mm compared to  4mm. The la rg e  dev ia tions  of T1** and 
T2** shown in  F ig .4.2 might be ’r e a l ’ or they could be a function  of 
technique, or s l i c e  th ickness .  This p lo t  was produced ea r ly  in the  
study and since th a t  time the  s ig n a l- to -n o is e  r a t i o  on the  system has 
been improved by a fac to r  of th re e ,  and more experience in handling 
animals has been gained. Results produced a t  t h i s  l a t e r  s tage ,  such as 
those for the  sex and species v a r ia t io n s  show much smaller s c a t te r  and 
using these  l a t t e r  values a s im i l ia r  p lo t  to  4 .2  was produced, f i g . 4 .7 .
I l l u s t r a t e d  on next page.
F ig .4.7 V aria tions  in T1*# and T2*# amongst Male Wistar Rats.
This im plies th a t  much of the s c a t te r  in  r e s u l t s  to  date  are  due to
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fu r th e r  by improvements in  the  technique, i . e .  the  r e a l  b io lo g ica l  
s c a t te r  has not yet been seen. From the models o f  t i s s u e  water we 
could expect th a t  the T1** depends both on the  amount o f  water and on 
the  amount of hydration . Figure 4.8 shows a p lo t  o f  the  T1** values 
for male w is tar  r a t s  ag a in s t  the  ty p ic a l  water con ten ts  o f  the  t i s s u e s .
•5-
S-3
e#•*_
Fat
, Tumour
/B r a i n£Muscle
Liver
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F ig .4.8 A p lo t  of the  T1** values of t i s s u e s  aga ins t  t h e i r  ty p ic a l  
water content.
There i s  some c o r re la t io n  between water content and T1**, but the  
simple re la t io n sh ip  of water content p roportiona l  to  1/T1** is  
in s u f f ic ie n t  to  explain everything. For example, the la rg e  d ev ia tion  
of f a t  from th is  simple model in d ic a te s  th a t  i t  i s  incomplete and from 
th i s  graph 100J water would have a T1** of about 1 second. Herfkens e t
workers be lieve  th a t  the  two-phase model can explain the response in
terms of the d i f f e r e n t  t i s s u e s  having d i f f e r e n t  types of hydration  
lay e rs  and hence d i f f e r e n t  re lax a t io n  tim es.
A t i s s u e  i s  made up o f  groups of c e l l s  having the same function . The 
c e l l  i s  the  fundamental, s t r u c tu r a l  and functiona l u n i t  of l iv in g  
organisms, and although a l l  c e l l s  contain  the  same o rg an e lle s ,  the
number p resen t,  the  c e l l  s ize  and s p e c ia l is a t io n  o f  the  o rg an e lle s
a l t e r  depending on i t s  function . This im plies a d i f f e r e n t  p ro te in  
d i s t r ib u t io n  and macromolecular surface  fo r  d i f f e r e n t  c e l l s .  In 
muscles, even the  i n t r a c e l lu la r  region i t s e l f  has areas of d i f f e r e n t  
composition. The various regions of the  sarcomere, (the c o n t r a c t i l e
u n i t  of the  muscle f ib r e ) ,  contain d i f f e r e n t  muscle p ro te in s .  Within a 
given region a water molecule can e i th e r  be in te ra c t in g  with the  
macromolecule or not, and a t  d i f f e r e n t  s i t e s  there  w il l  be d i f f e r e n t  
p ro te in s .  In d i f f e r e n t  t i s s u e s  the s t ru c tu r e s  of the c e l l  and i t s  
macromolecules w il l  be adapted to  the  functions of t h a t  c e l l ,  t h i s  in 
tu rn  a l t e r s  the  re lax a tio n  r a te s  which are  bound up in the  types  of 
hydration la y e rs .  This explains why d i f f e r e n t  t i s s u e s  have d i f f e r e n t  
re lax a tio n  r a t e s .  Diseased s ta t e s  d is ru p t  the  c e l l  functions and cause 
a l te r a t io n s  in  th e  'water ba lance1 which i s  ind icated  by changes in  the  
re lax a tio n  r a t e  in  some diseased s t a t e s ,  t h i s  i s  discussed fu r th e r  in  
chapter 5.
The e f f e c t  o f  blood flow through t i s s u e s  and i t s  place in  th e  NMR 
response of t i s s u e s ,  e sp ec ia l ly  a t  the  c a p i l la ry  s tage ,  i s  not f u l ly  
understood. The blood supply reaches the  depths of the t i s s u e s  by 
means of a f in e  network of c a p i l l a r i e s  (radius=5pm), which allows 
oxygen to  d if fu se  in to  the c e l l s  and for waste products to  be removed.
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in the  pulse sequences, th u s ,  values of T1 and T2 taken from regions of
t i s s u e s  include t h i s  c a p i l la ry  network and the blood in i t ,  plus the
lymph network which a lso  serves the t i s s u e s  and whose flow i s  much 
slower. F i g . 9 i l l u s t r a t e s  how the c e l l s  are  bound up with t h i s
network and shows th a t  the  NMR response of such a t i s s u e  w i l l  be 
modified by blood flow. The e f f e c t  of blood flow has not been
s u f f ic ie n t ly  studied  to  understand what a l t e r a t io n s  need to  be made to  
the model o f  t i s s u e  response.
F ig .4.9 The blood and lymph supply to  a t i s s u e .
The e f f e c t  of  blood flow on an image (apa rt  from producing p a r t i a l  
volume e f fe c ts )  can sometimes be seen on the  image, depending on the  
pulse sequence tim ings and on the  flow r a t e .  Flow r a te s  in the  major 
a r t e r i e s  and veins are about 15-25cm/s in  the  re s t in g  s t a t e ,  thus blood 
in these  v esse ls  w il l  cross a ty p ic a l  5mm s l ic e  in 25ms. In the  
inversion recovery sequence t h i s  means t h a t  new blood w il l  be p resen t 
a t  the  90 degree pulse and cause these  v esse ls  to  show up b r ig h t  on an 
image. In th e  spin-echo sequence, on the  o ther hand, th e re  w i l l  be 
incomplete rephasing by the 180 pulse and they appear dark. In the
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s l i c e  i t  takes 10s, implying th a t  in the  inversion  recovery sequence 
the same blood which saw the  180 degree pulse w il l  see the  90 degree 
pulse and so the in te n s i ty  w i l l  r e f l e c t  the  T1 of the  blood. In the  
spin-echo sequence even t h i s  s l ig h t  movement w i l l  cause incomplete 
rephasing although the  e f f e c t  w il l  be sm all. For o ther  blood vesse ls  
which have flow r a te s  between these  extremes, in term ediate  e f f e c t s  w il l  
be seen.
The development of an imaging technique which allows fo r  the  s p a t i a l  
mapping of flow and d iffu s io n  may help in fu r th e r in g  the  understanding 
of the blood flow and th i s  i s  described in chapter 7.
4.8 CONCLUSION
These r e s u l t s  show th a t  of c h a ra c te r is a t io n  of many hea lthy  t i s s u e s  
using T1** and T1** i s  f e a s ib le  i f  one can account fo r  machine 
dependency and experimental technique. They have shown th a t  
improvements in  techniques and in s ig n a l- to -n o ise  r a t i o  have reduced 
the s c a t te r  in T1**’s q u ite  s ig n i f ic a n t ly .  F u r th e r ,  I  b e liev e  we have 
not reach the  l im i t  of r e a l  b io lo g ic a l  s c a t t e r .
I t  i s  f e l t  th a t  the  negative a t t i tu d e  of fier-ftnas e t  a l  towards the
f e a s i b i l i t y  of t i s s u e  c h a ra c te r is a t io n  i s  due to  the la rg e  s c a t te r  in
t h e i r  r e s u l t s  which has been demonstrated in t h i s  work to  be la rg e ly
instrum ental in o r ig in .  Similar improvements to  those achieved for
T1** are av a ilab le  in the  T2** measurements which are r a th e r  poor a t
0
present because of the s e le c t iv e  180 pulse in  use. More inform ation 
could be obtained by combining the imaging technique with the
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s l i c e s  would reduce s c a t te r  due to  p a r t i a l  volume e f f e c t s ,  although 
s ig n i f ic a n t  improvements in  s ig n a l- to -n o ise  r a t i o  would a lso  be 
required to maintain the  image q u a l i ty .  Thus as techniques improve and 
optimum imaging sequences are  used then i t  w il l  be possib ly  to  uniquely 
define  a g iven tissue  by i t s  T1** and T2** , given an approximate idea 
of i t s  lo ca tio n , a t l e a s t  fo r  th e  major t i s s u e s  in v e s t ig a te d ,  and 
t i s s u e  c h a ra c te r is a t io n  could be used as a d iagnostic  guide.
The high c o r re la t io n  found between T1** and T2** in d ic a te  t h a t  the  same
b io lo g ica l  fa c to rs  are  in fluenc ing  each o f  the  re la x a t io n  r a t e s .  Some
in d ic a t io n s  of how the  r e la x a t io n  r a t e  v a r ie s  with d i f f e r e n t  t i s s u e s  
can be gained using the two-phase model o f  c e l l  water. The model of 
f a t  and water content put forward by Herfkens could j u s t  be a fa c e t  of
the two-phase model. Tissues with a la rg e  f a t  content would have more
macromolecules av a i lab le  fo r  the  formation of hydration la y e r s .  The 
e f f e c ts  of  blood flow have yet to  be incorporated in to  t h i s  model.
F in a l ly ,  the use o f  t i s s u e  c h a ra c te r is a t io n  to  optim ise th e  imaging 
technique i s  discussed in chapter 6.
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CHAPTER 5 DISEASED STATES
5 .1  INTRODUCTION
Human s tu d ie s  have shown th a t  using NMR imaging i t  i s  poss ib le  to  
diagnose ce r ta in  d iseases  (for example Doyle e t  a l  1982). Many of 
these  have been gross type pathogenic s ta t e s ,  such as la rg e  tumours or 
le s io n s .  As yet q u a n t i ta t iv e  monitoring of re lax a t io n  r a te s  has not 
been used to  in d ica te  d iseased s ta te s .  However, from the 
ch a ra c te r is a t io n  r e s u l t s  i t  should be possib le  to  observe the  e f f e c t s  
of d isease  on t i s s u e s ,  i f  the  d isease  a l t e r s  the "water balance", by 
looking for re lax a t io n  r a t e  changes.
Preliminary s tu d ie s  o f  two types o f  diseased s ta te  were undertaken. 
The f i r s t  involved monitoring the growth of an implanted tumour, i . e .  
a gross s t a t e ,  and the second used T1** changes to  observe the e f f e c t
of tox ic  drugs on the  kidney, where no gross s ta t e  changes were seen on
the  images.
5.2 THE GROWTH OF AN IMPLANTED TUMOUR
5.2 .1  In troduction
Tumours, l ik e  a l l  t i s s u e s ,  are  groups of c e l l s  th a t  a r i s e  from a s in g le  
c e l l .  However, the  growth and d iv is io n  of the  cancer c e l l  i s  not 
con tro lled  by the  body's regu la to ry  mechanisms. Neoplasms frequen tly
d isp lay  rapid growth which can be d e s tru c t iv e ,  and they u su a lly
m e ta s t is iz e .
The r e a l i s a t io n  th a t  NMR could be of use in the  studying of cancer
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e leva tion  to  an increase  in  the  motional freedom of water molecules 
r e s u l t in g  from a lower degree of o rgan isa tion  in the tumour, than th a t  
in normal t i s s u e  (Damadian 1971).
Since th a t  time the  a b i l i t y  of  NMR imaging to d is t in g u ish  tumour t i s s u e  
from healthy  t i s s u e  in -v ivo  has been well e s ta b lish ed .  The following 
experiment in v e s t ig a te s  the  c h a r a c te r i s t i c s  of  a rap id  growing 
implanted tumour.
5 .2 .2  Experimentation
Tumour c e l l s  derived from a hepatoma were implanted subcutaneously in 
th re e  male hooded r a t s ,  of the  same age as those used in the  hea lthy  
t i s s u e  c h a ra c te r isa t io n  experiment. On the fourth  day a f t e r  
im plantation the tumour was ju s t  palpable and d en s ity ,  T1 and T2 
weighted images were taken of each r a t  using the sequences described  in 
chapter 3. Unfortunately a t  t h i s  s tage  one r a t  died under a n a e s th e t ic .  
The growth of the tumour was monitored using these th re e  imaging 
sequences, fo r  14 days. After which time, s ince t h i s  was a f a s t  
growing tumour the  r a t s  were s a c r i f i c e d .  From these s e ts  o f  images the  
T1** and T2** values o f  the  tumour were c a lcu la ted .  A p lo t  o f  T1** 
versus time shows an i n i t i a l  r i s e  and then a l e v e l l in g  out to  a 
constant value.
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F ig .5.1 A Plot o f  the  Tumour T1** value vs Time.
I t  i s  unclear as to  whether t h i s  i n i t i a l  r i s e  i s  r e a l  or due to  p a r t i a l  
volume e f fe c ts  s ince a t  t h i s  ea r ly  s tage the  tumour was sm all. Images 
shown in  F ig .5.2  are T1 weighted images and show the  growth of the  
t u m o u r 7# ‘CJ&HjAt-ed S'yiAj-e* to proatuxjief 6y "tfut in ''’GfXicrn. -r£CCrve/y
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Fig. 5.2a,b,c T1 weighted Images showning the Tumour Growth «./-o/etys 4>7,/3. 
The images in Fig.5.3 are the density, T1 and T2 weighted images of the 
second rat at day'll.
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Fig.5.3 (a) Density, (b) T1 and (c) T2 weighted Images of the Tumour.
The density image shows very little contrast and it is difficult to 
distinguish the outline of the tumour. The T1 weighted image shows a 
dark tumor, indicating a long T1** and it is well differentiated from 
its surroundings. The T2 weighted image is of poor quality due to low 
signal-to-noise ratio, but it shows a well defined bright tumour. 
These images give an indication of the importance of using the imaging 
sequence best suited to define the disease in question.
5.2.3 Discussion
The T1** and T2** values, when plotted with healthy tissue values, 
fig.5.4, show that the tumour response is well differentiated from that 
of healthy tissue.
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This tumour i s  ch a rac te r ised  by long T1** and T2** values, and some of 
t h i s  prolongation could be due to  the q u a l i t a t iv e  a l t e r a t io n  in  the  
s ta t e  o f  the  i n t r a c e l lu l a r  water (bound versus unbound) w ithin the  
malignant t i s s u e .  The water content of most tumours i s  high "86%, and
i t  i s  genera lly  assumed th a t  an increase  in  c e l l  water means an
increase  in th a t  p a r t  of the c e l l  water which i s  in the  bulk water
phase. This seems very l ik e ly  but does not in fe r  th a t  the presence of
ex tra  bulk water cannot a f f e c t  the  bound water in  the  c e l l .  There i s  a
strong body o f  opinion th a t  says the  increased water accounts fo r only 
p a r t  o f  the  increase  in re lax a tio n  tim es, changes in hydration  
accounting for the  r e s t .  Electron microscopic examination of malignant 
c e l l s  has revealed su b tle  changes in the  nuclear membrane, mitochondria 
and the endoplasmic reticulum . Due to  these  changes, th e re  may be 
basic  d i f fe re n c e s  in the  water-macrosurface in te ra c t io n s  among normal 
and neoplasmic c e l l s ,  thus the type of hydration would change and i t  i s  
t h i s  th a t  i s  r e f le c te d  in the changes o f  re la x a t io n  r a t e .  The tumour 
c h a r a c te r i s t i c  i s  l ik e ly  to  be a combination o f  these  reasons .
Herfkens e t  a l  (1982) have a lso  studied  tumours and have t r i e d  to
explain t h e i r  NMR response in terms o f  l ip id  and water co n ten t.
Tumours have a low l ip id  content and high water content and t h i s ,  from 
th e i r  t i s s u e  model in d ic a te s  a long T1.
This p relim inary  study has shown th a t  implanted tumours appear to  have 
NMR c h a r a c te r i s t i c s  very d i f f e r e n t  from the hea lthy  surrounding t i s s u e .  
Further work i s  needed to  in v e s t ig a te  the  NMR response of d i f f e r e n t  
types o f  tumour, of benign growths, and how the  age or the s tag e  o f  
growth e f f e c t s  the  response. For in s tan ce , an e s tab lish ed  tumour i s  a 
complicated ecosystem and should not be regarded as a mass o f  
r e l a t iv e ly  homogeneous malignant c e l l s .  Often la rg e  areas o f  n ec ro s is  
are p resen t in  the  cen tre  where th e re  i s  an i n s u f f ic ie n t  blood supply.
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d efec t iv e  and there fo re  th e  d isorganised  t i s s u e s  w ill  be oedematous. 
These s t a t e s  would give the  tumour a l iq u id - l ik e  centre  and cause the
cen tre  region to  have a long T1 re la x a t io n  r a te .
I t  would be in te re s t in g  to induce a tumour in  a healthy  organ and
monitor the  change from healthy  to  diseased t i s s u e .  In -v i t ro  r e s u l t s  
have suggested th a t  a pre-cancerous s t a t e  e x is ts  between the  hea lthy  
and diseased s ta t e  which has a d i f f e r e n t  NMR response (Hazelwood e t  a l  
1972). This stage would not be s u f f i c i e n t ly  gross to  show on an image 
but c a re fu l  monitoring of the  change in  re lax a tio n  r a te s  might enable 
i t  to  be observed. This would be o f  immense use in the  d e tec t io n  of 
cancer. Further,  s ince repeated observations using NMR are p o ss ib le  
due to  i t s  non-invasive na tu re ,  imaging could be invaluab le  in  th e
management of p a t ie n ts  with tumours. For instance , i t  w i l l  allow the  
e f fe c t iv e n e ss  of various cancer th e ra p ie s  to  be assessed.
5.3 THE EFFECT OF DRUGS ON THE KIDNEY
5.3 .1  In troduction
In t h i s  prelim inary study, i t  i s  shown th a t  although no obvious change 
i s  apparent on images, by monitoring the  T1** of the cortex and medulla 
and comparing i t  to  th a t  from normal t i s s u e ,  i t  i s  p o ss ib le  to  observe 
the  tox ic  e f fe c ts  of some drugs on th e  kidneys. That i s ,  using t i s s u e  
c h a ra c te r is a t io n  more information i s  obtained than when the  image alone 
i s  used.
This study was carried  out in co l la b o ra t io n  with the  Nephrotoxicity  
Group a t  the  Robens I n s t i t u t e  o f  In d u s t r ia l  and Environmental Health
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t a rg e t  organ t o x i c i t y  may be re la ted  to the f a c t  th a t  the kidney
represen ts  l e s s  than 1% of a body’s mass, but processes about 25% of
the r e s t in g  card iac  output .  Other f ac to rs  which make t h i s  organ very
s e n s i t iv e  to  tox ic  i n s u l t  include i t s  very high metabolic r a t e  and the
f a c t  t h a t  many > compounds are concentrated in the  kidney. The
complexity of  the  kidney i s  r e f le c ted  by the d i f f i c u l t y  in monitoring
(riochutU cnJ?
renal function.  Using p r e sen t^ tech n iq u es  i t  i s  of ten  impossible to  
d i f f e r e n t i a t e  between nephrogenic and ex t ra - rena l  damage following 
chemical i n s u l t .  The normal kidney has a functional  reserve ( tha t  
cannot be measured) which compensates for  progressive loss  of  renal  
function and means t h a t  degenerate changes w i l l  of ten only be diagnosed 
when rena l  damage i s  very extensive .  Present attempts to  evaluate  
nephroxity in -vivo may miss important ea r ly  funct ions and s t r u c tu r a l  
changes which could have s ig n i f i c a n t  c l i n i c a l  consequences in man. 
Following i n t e r e s t  in methods of  in-vivo measurement some i n i t i a l  
s tud ies  were made to  look a t  the p o s s i b i l i t y  of  using NMR imaging and 
t i s s u e  ch a rac te r i s a t io n  for  monitoring the t o x i c i t y  of  drugs.
5 .3 .2  Experimentation
Six batches of  female Wistar r a t s  of  about 200gm in weight were used as 
follows;
(1) th ree  r a t s  in jec ted  with 50mg/Kg body weight of 2-bromoethanlamine 
(BEA),
(2) th ree  r a t s  in jec ted  with 150mg/Kg body weight of  BEA,
(3) th ree  r a t s  in jec ted  with hexachlorobutadiene (HCBD),
(4) th ree  r a t s  in jec ted  with 40mg/Kg body weight of  Hexadimethrene
bromine (tradename ' Polybrene’ ) ,
(5) th ree  r a t s  in jec ted  with 400mg/Ktj body weight of  Neomycin, and
(6) f ive  r a t s  as co n t ro ls .
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Section 4 .6 .1 .  In the f i r s t  48-72 hours a f t e r  adminis t ra t ion  major 
" re -o rgan isa t ion"  of t i s s u e  functions occurs and then the re  i s  some 
ac t ive  regenera t ion .  This i s  the  kidney adapting i t s e l f  to cope with 
the i n s u l t .  At the s tage  of  imaging a l l  these i n i t i a l  modifica tions 
had f in ished  and the kidney was in a s ta b le  but damaged s t a t e .  In 
fu r ther  work i t  would be in t e r e s t i n g  to look a t  the  kidneys during 
these ea r ly  phases.
At the end o f  imaging the r a t s  were s a c r i f i c e d  and t h e i r  kidneys 
removed for h i s to lo g ic a l  study.
The T1** and T2** re laxa t ion  values were ca lcu la ted  from the images and 
in the  T1** case a d i s t i n c t io n  was made between cortex  and medulla.  
This c o n t r a s t  between the two regions  can be c l e a r ly  seen in Fig 5.4
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Fig. 5.4 Images of density and T1 weighted slices through the kidney.
The plots of T1** versus drug for the cortex and medulla are shown in 
Figs 5.5-6.
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Fig 5.5 The T1** values of  Kidney Cortex vs Drug.
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F i g . 5.6 The T1** values of  Kidney Medulla vs Drug,
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Neomycin, Polybrene and HCBD have ra ised  the cortex T1**, whils t  BEA 
has not a l t e r ed  i t .  BEA, neomycin and HCBD have ra ised  the medulla 
11**, whi ls t  Polybrene has caused no a l t e r a t i o n .  How does t h i s  
correspond with the  known e f f e c t s  of  these  drugs? A s ing le  dose of  BEA 
induces apex l imited  renal  p ap i l la ry  necrosis  a t  low doses ~50mg/Kg and 
t o t a l  ab la t ion  o f  the medulla a t  high doses >150mg/Kg. That i s  i t  i s  
medulla sp e c i f i c  and a t tacks  the epithelium of  the  th in  loop of  Henle 
(Bach e t  a l  1983). Polybrene causes necrosis  in the  ascending limbs of  
Henle's loops and in the convoluted tubules  in the  cortex ,  ie i t  i s  
cortex s p e c i f i c  (Davies e t  a l  1969). F i g . 5.7 showns the  s t ru c tu re  of  
the kidney and the po in ts  of  drug i n s u l t .
Thick loop of Henle Collecting Duct
CORTEX
MEDULLA
Thin loop of Henle
B E A
F i g . 5.7 The Struc ture  of  a Nephron.
The r e s u l t s  have shown t h a t  BEA r a i s e s  the T1** of the medulla and 
Polybrene the T1** of the cor tex ,  which i s  in agreement with the  
s p e c i f i c i t y  of  these  drugs. Damage to  a region appears to  r a i s e  the
HCBD and Neomycin ra ised  the T1** in both regions and shown the  non- 
s p e c i f i c i t y  of  these  tox ins .  For example, Neomycin i s  a broad spectrum 
a n t i - b a c t e r i a l  a n t i b io t i c  and i s  used for s u p e r f ic ia l  skin in fe c t io n s .
To ensure t h a t  the  increases  observed were r e a l  and not a function of  
the system, the T1** of muscle was obtained from each batch,  and t h i s  
i s  shown in Fig 5.8.
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Fig. 5.8 The Variation of  Muscle T1** with Drug.
All the values are  well  within the  normal range in d ica t in g  t h a t  the  
observed increases  in the  kidney were r e a l .  T2** values of  the kidneys 
were also  monitored, and in t h i s  case no d i s t i n c t  d i f f e r e n t i a t i o n  i s  
seen between the cortex and the medulla.  Due to  the la rge  s c a t t e r  of  
the  data and the poor s ig n a l - to -n o ise  r a t i o  no conclusions  could be 
drawn.
From the images i t  was impossible to  t e l l  whether any swelling of  the
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the s l i c e  could be through the large  or small section of  the kidney, 
Fig 5.9.
Fig 5.9 S l ices  through the  kidney.
S l ices  a t  d i f f e r e n t  l e v e l s  would show the kidney as d i f f e r e n t  s i z e s .
In fu ture  experiments,  where severa l  s l i c e s  from the same kidney w i l l  
be obtained a t  the  same time, a more complete p ic tu re  w i l l  be given.
Upon d is sec t io n  of  the r a t s  i t  was observed th a t  those in batch 2 had 
kidneys enlarged by ~20-30/6 and there  were small le s ions  p resen t .  The 
change in s ize  was not noticed in the image because of  the reasons 
explained above. The s iz e  of  the le s ions  were about 3*2*2mm, these  
were also unobserved on the  image . They could have been absent in  the  
s l i c e  taken or t h e i r  presence obscured by p a r t i a l  volume e f f e c t s  s ince 
the s l i c e  th ickness  used i s  la rger  than the  s iz e  o f  the le s io n .
This experiment shows how the NMR imaging technique can be extended and 
through the use of  t i s s u e  ch a rac te r i s a t io n  and the monitoring of 
re laxa t ion  r a t e s  be of  use in the  area of  toxicology. These are  only 
preliminary r e s u l t s  and fu r th e r  s tud ies  are required .  However, t h i s  
ind ica tes  t h a t  ch a rac te r i s a t io n  methods could be used to monitor types  
of  biochemical changes in-vivo,  even when changes on the  image are  not 
obvious.
Two d i f f e r e n t  kinds of  diseased s t a t e s  have been shown to  r a i s e  the 
re laxa t ion  r a t e s  of  the t i s s u e s  concerned. The mechanisms responsible  
for these observed d i f fe rences  in re lax a t io n  r a t e s  of  c e l l u l a r  water in 
normal and malignant t i s s u e s  have not yet been i d e n t i f i e d  
unequivocally. The r e s u l t s  ind ica te  t h a t ,  in the two-phase model of  
ce l l -w a te r ,  T1h(disease) *Tj1 (normal) and/or t h a t  the re  i s  an increase  
in the  bulk c e l l  water. The type of  hydration depends on the s t ru c tu re  
of  the c e l l  and the amount of  p ro te in  molecules p resen t .  Changes in 
c e l l  s t ru c tu r e  th e re fo re  a f f e c t  the r e laxa t ion  r a t e s  via the  changes in 
the hydrat ion.
One study has indeed confirmed t h i s  view-point.  Misra e t  a l  (1980) 
looked a t  dystrophic  chicken and they found the T1 of the  muscle 
increased in the  chickens which possessed only h a l f  o f  the non-collagen 
pro te in  content  of  normal p e c to ra l i s  muscle. They concluded th a t  the  
in te ra c t io n  o f  c e l l u l a r  water and p ro te in ,  (the composition of  which i s  
changing with the  progression of  the d i sea se ) ,  may account for  the  
observed increase in NMR re laxa t ion  times of  dys tropic  muscle.
I t  appears t h a t  d isease  s t a t e s  a l t e r  the c e l l - s t r u c t u r e  and the 
water -pro te in  i n t e r a c t io n s  which in turn  a l t e r  r e lax a t io n  r a t e s .
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CHAPTER 6 OPTIMISATION
6.1 INTRODUCTION
The aim of  the  opt imisat ion procedure described in t h i s  chapter i s  to 
obtain the best  co n t ra s t - to -n o is e  r a t i o  on an image per u n i t  t ime. I t  
i s  a lso important to  c a lcu la te  from these images T1** and T2**. I t  i s  
possib le  to achieve t h i s  by a l t e r a t i o n  of  the prec ise  timing 
parameters o f  the pulse sequences, s ince the s igna l  in t e n s i t y  depends 
not only on the  dens i ty  and re lax a t io n  r a t e s  but a lso on the pulse 
sequence parameters o f  X  and Tr where X  i s  the time between pulses  and 
Tr i s  the r e p e t i t i o n  r a t e  of  the pulse sequence. The opt imisat ion 
method w i l l  be a compromise between the i n t r i n s i c  s e n s i t i v i t y  of  the 
method to  T1 and T2 and on the s ig n a l - to -n o is e  r a t i o  for  a given period 
of t ime.
In t h i s  d iscuss ion ,  instrumental f a c to rs  which w i l l  a l t e r  the 
s ig n a l - to -n o ise  r a t i o  w i l l  not be considered. These f ac to rs  include 
the e f f e c t s  of  non-ideal pulses ,  imperfect RF c o i l  design and 
non-linear  instrumentat ion.  Only imaging methods w i l l  be considered.
6.2 A COMPARISON OF THE IMAGING TECHNIQUES
A comparison of  d i f f e r e n t  imaging techniques was ca r r ied  out by Brunner 
%
and Ernst (197/).  They found th a t  to obtain an image in the minimum 
time with maximum s e n s i t i v i t y  per u n i t  time the best  method i s  3D 
fou r ie r  p ro jec t ion  recons t ruc t ion .  In t h i s  technique a l l  volume 
elements a re  simultaneously exci ted and the r e su l t in g  t ransverse  
magnetisation i s  observed during the e n t i r e  ava i lab le  time. The bes t  
method for  optimum performance time i s  echo-planar imaging, giving a 
complete image from a s ingle  f ree  induct ion decay, although the image
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o c p a i  d i c u  u i  o n e  u u j c e o  u n u c i  o u i o d u i e  5 1  d u i c u u o  o u v ^ i i  o u a o
a l l  po in ts  have c h a r a c t e r i s t i c  precess ion frequencies which can be 
uniquely assigned.
When deal ing with l i v e  subjec ts  the minimum time needed for  3D imaging 
i s  unacceptably long. Typically a 2D technique i s  used such as 
p ro je c t io n  recons t ruc t ion  or fo u r ie r  imaging. The opt imisat ion 
described in the chapter i s  ca r r ied  out for  2D p ro jec t ion  
recons t ruc t ion ,  and considers  the  c o n t r a s t - to -n o is e  r a t i o  as well  as
the s ig n a l - to -n o is e  r a t i o .  The ana lys is  i s  t rue  for  2DFT, 3DFT and
3DPR, but not for  s tea d y -s ta te - f re e -p reces s io n  techniques . Thoughout 
the ana lys is  T1 and T2 are assumed to be mono-exponential.
The Bloch equations of  motion (equation 1.35) for the magnetisat ion M,
in a frame r o t a t i n g  atW=£Bo, can be w r i t ten  as
dM 
= yM -(Mxl+Myj ) / T 2 - (Mz-M0)k/T1
. . . .  6.1
with Be. =(Bo-w/* )k + B,jL
During the r f  pulse ,  we assume B, i s  much grea te r  than Bo-to/i and 
r e lax a t io n  e f f e c t s  are  neg l ib le .  A pulse of  length tp  r o t a t e s  M, 
through an angle j^JfBjtp about the  x -ax is .  Using the ro ta t i o n  vector  
R, the e f f e c t  of  r o ta t io n  on the magnetisation can be w r i t t en  
M(tp)=R(tp)M(0) where
where R(t ) = 
v P' '1 0 0
0 cosg sing
0 -s ine cose
. . . . 6.2
Between pulses  the so lu t ion  of  the Bloch equation i s
123
where the re la x a t io n  operator  D(t) i s  given by
. 6 . 3
D( t) =
exp ( - t /T 2)cos6ojt - ex p (- t /T 2)sin5ajt 
exp ( - t /T 2)sin6cot exp(-t /T2)cos6ajt
. . . 6 . 4
with rO-u)o and vo=8Bo.
The e f f e c t  on the  magnetisation of  any pulse sequence may be obtained 
by success ively  combining 6.2 and 6.3 , (Taylor and Ericsson 1983).
6.2.1 The repeated 90 Sequence
This 90-Tr-90 sequence i s  the s implest used, i f  Tr^5T1 an image i s  
produced which has p ixe l  values proport ional  to proton d ens i ty .  If. the  
r e p e t i t i o n  r a t e  i s  g rea te r  than t h i s  l im i t  then the p ixe l  values have a 
T1 dependence and poss ib ly  a T2 dependence, which vary with the  
r e p e t i t i o n  r a t e  o f  the sequence. To ca lcu la te  the e f f e c t  on the  
magnetisation consider the repeated pulses ,  f i g . 6.1
90° 90°
/ _
X
—>
M+(-t) M-KO)
F i g . 6.1 The 90-Tr-90 Sequence.
The magnetisation a t  time t=0 immediately a f t e r  a pulse in the sequence 
i s
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Mt (0) = R ( b ) D ( t ) M  ( - T )  + H0( l - e 1)R(B)k
where M+(-1J) i s  the  magnetisation immediately a f t e r  the previous pulse 
and e ,=exp(-^/T1). For a steady s t a t e  so lu t ion  M (0)=M (-X),  thus
M+(0) = (R - ' ( b) -  D(T) ) ‘ 1M0( l - e 1)k
The so lu t ion  to  t h i s  equation for  Mxy(O) i s
. 6.6
Mx+(0) = M0Qe2sinesin5coT
M + ( 0 )  = -  MqQ s in B ( l - e 2cos6air)
y  0 2  6 . 7
where
( l - e . )
 ^ " ( l - e 1c o s e ) ( l - e 2cos6u)T)-e2( e 1-c o s6 ) (e 2-cos6cjT)
6.8
and
e  = e x p ( -  t / T  ) a n d  8 = tr/2 .  .
2 ■ *  . . . .  o .  9
I f  V » T 2  then e^exp(-WT2)~0 and the equations are s implif ied  to 
Mx*(0) * 0
My f (0) - - M0(1 - oxp(-^/Tt )) .
. . . . 6.10
When‘tyS'TI then My+(0)=Mo and the re  i s  no dependence on T1y<jr<\ntjpulst.
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This sequence i s  used to produce images with a strong T1 dependence. 
I f  TICE the value in the p ixel  i s  p o s i t iv e ,  i f  T1>*C the value i s  
negat ive .  Thus a T1 weighted image with some T1 values above X  and 
some below w i l l  have a grey background with ob jec ts  darker or b r ig h te r  
r e spec t ive ly .
1ftno ono 1AflP QCfi
*
Tr T
■cX " r X
M+(-Tr)
F i g . 6.2 The Inversion Recovery Pulse Sequence
The magnetisation a t  time t  = ^ immediately a f t e r  the 90 pulse i s
M+ ( r )  = R ( i r / 2 ) D { T ) R ( T r ) D ( t ) M + ( -T r) +
R(tt/2 )D ( t)R(it)M0(1-E1)J( + R(ir/2)M (1-e )k
 6.11
where E1 =exp(-T/T 1), and e t =exp(-'V/T») . For the steady s t a t e  M + (V) 
M*(-XOf s u b s t i t u t i n g  and solving
Mx+( t) = M0ue2sin6aj(Tr-T) [ l - 2 e x + e 2]
M y + ( T )  =  M0u(e2cos6a3(Tr- T ) - l ) [ l - 2 e 1 + e j
where
U = f l ' £ l <:22 + e2COS5“ (Tr 'T )[e1-1]]
-1
and
. . . .  6.12
E1 = e i El * e2 = e 2E2 * E2 = eXP ( 'V T 2)
. . . .  6.13
I f  (tifTf)»T2, then g 1=exp(-(t'+Tf)/T2)~0 and the equations s im pl i fy  to
i y ( T) = o
My+( T) = MJ1 - 2 expf-r/Tj) + exp(-(T + WTj)]
which when Tr>>T1 give the commonly used equations
My+(t) = 0
6.14
My ( t ) = Mo [l -  2 expf-x/Tj)
6.15
6.2.3  The Spin-Echo Sequence
The spin-echo sequence i s  commonly used to produce images with a s trong 
T2 dependence. The amplitude of  the echo depends on the values o f  T2 
through the s l i c e ,  but i s  unaffected by f i e ld  inhomogeneities.
echo i point
I
90' 180°
Jr.
■ > < -
echoipoint
90° 180'
t= 2 TM (-Tr) f=0
F i g . 6.3 The Spin-Echo Pulse Sequence 
The magnet isation a t  time t=2/C i . e .  a t  the spin-echo cen tre  i s  given 
by
M (2 x )  = D ( -c )R (v )D ( -c )R (v /2 )D (T r )M ( -T r )
M0 ( l  -  E 1) D ( x ) R ( n ) D ( i ; ) R ( i / 2 ) k
+ M#(l - e ] )D(t)R(,)k + M#(l - e ^ k  . . . . 6. 16
For a s te a d y -s ta te  M(2T)=M(-Tr), so s u b s t i tu t in g  and solving for  Mxy(2Tf) 
as previously gives
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My ( 2 r )  = M0Ve22(1 -  C2cos4«,Tr) [1 -  2E ,e ,  + * , ]
where
.6.17
-1
V = [1 -  e  C O S t o T r -  c i c 2 ^ C 2  "  c o s 5 ^ T r ) ]
. . . . 6 . 1 8
and
e. = E . e . 2 and = E ,e  2 .1 1 1  2 2 x
. . . . 6 . 1 9
I f  (2T+Tr)>>T2, then E2=exp(-(2t+Tr)/T2)~0 and the equat ions s implify  
to  give
M , ( 2 t ) = 0
My ( 2 t )  -  M0c xp { -  2x /Ta ) | l  -  Z c x p ( - ( »  + T J / T , )
+ e x p ( - ( 2 x  +  Tr)/T ) | . . 6 . 2 0
when Tr»T1 these  become the commonly used equations
Mx ( 2 t ) = 0
M ( 2 t ) = M0e x p ( -  2 t/ T 2 ) . . . . 6 . 2 1
In a l l  the b io log ica l  cases studied the T2 value i s  much sh o r te r  than 
the r e p e t i t i o n  time of  the sequence and so the s implif ied  equat ions can 
be used. I t  should be noted th a t  the equat ions are a l l  independent of  
the  parameter Sco. In an imaging experiment, the magnetic f i e l d  
g rad ien ts  a re  applied whose e f f e c t  i s  to  vary as a funct ion of  
p o s i t io n .  Thus, providing the T2 condit ion i s  s a t i s f i e d ,  the equations  
above hold for  any pos i t ion  on the image plane.
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A p lo t  o f  the r e l a t i v e  s ig n a l - to -n o is e  r a t i o  per u n i t  time as a
*  °funct ion of  the r e p e t i t i o n  time, U, from the repeated 90 pulse
sequence, i s  obtained for  a range of  T1 values, f i g . 6.4. Unit dens i ty
was assumed and the t o t a l  time for  a sequence was 5000ms.
Hv = /  5 0 0 0  [ l - e x p ( - T / T i ) l
M? /  T ~
. . . .  6.22
where %^5000/t? accounts for  the improved s ig n a l - to -n o ise  r a t i o  when 
rapid  pulsing allows many averages to  be taken in the 5000ms. The
maximum s ig n a l - to -n o is e  r a t i o  occurs a t  ~1.4 times the  T1 value.  The 
f igure  c l e a r ly  demonstrates t h a t  the sequence can be used for  T1
c o n t ra s t  i f  pulsed s u f f i c i e n t l y  rap id ly  and i l l u s t r a t e s  the need to 
pulse a t  >5T1 to obtain " r e a l ” dens i ty  values .
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F i g . 6.4. A p lo t  of  the r e l a t i v e  s ig n a l - to -n o ise  r a t i o  per u n i t  time as 
a function of  the sequence r e p e t i t i o n  time, X ,  from the repeated f ree  
induct ion decay pulse sequence, for  a range of  T1 values.
“T-r
Figure 6.5 shows a s e le c t io n  from the corresponding inversion recovery 
p lo t s  where
/ I 5 0 0 0  D - 2 e x p ( - T / T i ) + e x p ( - ( T + T r ) / T i ) ]M- x y  .s / —\Mo /  (T +t )
6.23
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r a t i o  i s  obtained when the sequence i s  pulsed as f a s t  as poss ib le .
I l l u s t r a t e d  on n e x t  pages
Fig 6.5 Plo ts  showing r e l a t i v e  s igna l - to -no ise  r a t i o  per u n i t  time as a 
funct ion of  the  sequence r e p e t i t i o n  time, Tr, from the Lnversion 
Recovery Sequence for a range o f  T1 values.
Figure 6.6 shows a s e le c t io n  from the spin-echo sequence of  p lo ts  of
^xy = 5 0 0 0  ' exp( -2T/T2) | 1-2exp( - (T+Tr ) /Ti ) +exp( - ( 2T+ T j / T i ) |
Mo /  (Tr +2x) r
 6.2U
For good co n t ra s t  % should be s e t  a t  a median T2, and Tr~1.4 times the 
median T1.
I l l u s t r a t e d  on n e x t  pages
Fig 6.6 Plots  showing the r e l a t i v e  Signal-to-Noise r a t i o  per u n i t  time 
as a function of  the r e p e t i t i o n  time, Tr, from the Spin-Echo Sequence 
for d i f f e r e n t  T2 values where T1=400ms. (Note the changes of  s ca le  on 
these graphs).
Thus we can see t h e o r e t i c a l l y  th a t  i t  i s  poss ib le ,  with the use of  f a s t  
r e p e t i t i o n  r a t e s  to  produce high con t ras t  images with an increase  in 
s ig n a l - to -n o is e  r a t i o  per u n i t  time of  a fac to r  of  upto about 2 over 
the slow r e p e t i t i o n  methods, depending on the sequence i t s e l f .
I t  should be noted th a t  t h i s  gain i s  not necessa r i ly  .a v a i la b le  when 
m u l t i s l i c e  methods are  used, when the delay time between pulses  i s  used 
for imaging another sec t ion .
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The t h e o r e t i c a l  r e s u l t s  assume u n i t  dens i ty  and should be adapted for  
p r a c t i c a l  use.  Once the T1, T2 and proton dens i ty  parameters are  known 
for  a given s l i c e  through the object  then i t  i s  poss ib le  to t a i l o r  the 
experiment to  optimise the con t ras t  between given organs for  ins tance ,  
and/or improve the s ig n a l - to -n o ise  r a t i o  on the image. To obta in the 
i n i t i a l  accura te  T1 values the dens i ty  and invers ion  recovery sequences 
were used with a r e p e t i t i o n  r a t e  of  5s, thus ensuring t h a t  the system 
was in i t s  equil ibrium s t a t e  before the s t a r t  of  each pulse sequence. 
These sequences were used to image the  l i v e r / l u n g  s l i c e  through f ive  
r a t s  and gave the  following average r e s u l t s ,  f i g . 6.7.
^ “■ ^ ^ P a r a m e t e r
Tissue Relative Density Ti /ms
Liver 1 364 *33
Lung •62 *21% 550 *83
Muscle •7 *6% 494 *28
F a t •8 *20% 348 *56
Fig 6.7 T1 and Relat ive Density Values for  a Rat Liver S l ice .
When the p lo t s  of  r e l a t i v e  s ig n a l - to -n o ise  r a t i o  versus r e p e t i t i o n  r a t e  
were repeated for  these values they r e su l t e d  in a modification o f  the 
optimum condi t ions  from the t h e o r e t i c a l  case . In the invers ion  
recovery sequence i t  i s  s t i l l  optimum to pulse as quickly as p oss ib le  
but the X value for  the best  co n t ra s t  between these p a r t i c u la r  organs 
i s  now 700ms, f i g . 6.8.
I l l u s t r a t e d  on page
Fig 6.8 Plo ts  showing the r e l a t i v e  Signal- to-Noise  r a t i o  per u n i t  time
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The ana lys is  assumes t h a t  good co n t ra s t  i s  required between a l l  t i s s u e s
within the  s l i c e ,  however, i f  one i s  in te re s te d  in only one or two
t i s s u e s  i t  i s  poss ib le  to optimise for  those t i s s u e s  alone.  This could 
a lso  be ca r r ied  out for  T2 images, which have very poor co n t ra s t
normally. However, due to  the la rge  v a r ia t io n s  in the ava i lab le  T2
data ,  t h i s  was not poss ib le  to  i l l u s t r a t e .
6.5 CALCULATION OF T1 USING RAPID PULSE SEQUENCES
Optimum co n t ra s t - to -n o is e  r a t i o  was not the only aim of  the eva lua t ion .
For c h a rac te r i s a t io n  i t  i s  required th a t  accurate r e lax a t io n .v a lu es  can
be ca lcu la ted  from the images. To wait *^>5*T1 i s  obviously not the
optimum way to c o l l e c t  data and so i s  i t  possible  to devise a rapid
9scan sequence and yet s t i l l  obtain accurate  re laxa t ion  da ta .  One
method would be to take two inversion recovery images with d i f f e r e n t  X
values and use them both to  c a lc u la te  the co r rec t  r e la x a t io n  time.
However, t h i s  e n t a i l s  tak ing  another image, (assuming a dens i ty  image
i s  s t i l l  required for dens i ty  va lues) .  This wastes some of  the  time
t h a t  i s  gained by rapid  pulsing.  The a l t e r n a t iv e  method i s  to  use a
c a l ib r a t io n  curve. A p lo t  of  the inversion-recovery response divided
by the proton dens i ty  response can be used to obtain an accura te  value
of  T1. The T1 value i s  read o f f  from the graph for  a measured My/Mo
r a t i o  obtained from the  dens i ty  and inversion recovery images taken
using rapid  pulses .  Two such curves are shown in Figure 6.9. One uses
Tr=.15s and T=700ms for  the inversion recovery sequence, with Tr=3.2s
(about 5*T1) in the repeated 90°sequence. The other  uses Tr=1.5s and
T?=500ms in  the inversion recovery sequence with Tr = 1.5s in the  repeated 
o
90 sequence. These are ty p ic a l  values for the sequences used in
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I l l u s t r a t e d  on n$*xc page
Fig. 6.9 A Plot o f  the r a t i o  of  the nuclear magnetisation produced by 
the Inversion Recovery sequence to t h a t  from the repeated f ree  
induct ion decay (density  sequence).  The upper t r a c e  has i;=0.7s, 
Tr=.15s, T r f=t+Tr=.85s for  the inversion recovery sequence, and Tr=3.2s 
for the dens i ty  sequence. The lower t r a ce  has ^=0.53 Tr=1.5s, and 
Tr '=2.0s for  in IR sequence and Tr=1.5s for the dens i ty  sequence.
To evaluate  the v a l i d i t y  of  t h i s  procedure the same s l i c e  was imaged on
oon 5 d i f f e r e n t  r a t s  using Tr=5s for  both the repeated 90 and the  IR 
sequence and the T1Ts c a lu la ted  d i r e c t ly  from the image. These images 
were repeated using the sequences out l ined above and the  T1s estimated 
from the  c a l ib r a t io n  graphs. The r e s u l t s  are shown in  F i g . 6.10, which 
i s  a p lo t  of  the c a l ib ra ted  T1s versus the T1s obtained from a slow 
r e p e t i t i o n  r a t e  image.
U s i n g  a  s l o w  r e p e t i t i o n  r a t e  o f  5 s ,  t h e  m inim um  t i m e  
t o  o b t a i n  d e n s i t y  a n d  i n v e r s i o n  r e c o v e r y  i m a g e s  i s  
1 0 . 5 s  p e r  p r o j e c t i o n ,  ( u s i n g T  = 0 . 5 s ) . I n  t h i s  t i m e  
i t  i s  p o s s i b l e  t o  a v e r a g e  many t i m e s  u s i n g  t h e  
f a s t e r  r e p e t i t i o n  r a t e s  a n d  t h i s  p r o v i d e s  i n c r e a s e d  
s i g n a l - t o - n o i s e  o n  t h e  i m a g e s .  N
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Fig 6.10 Comparison of  T1’s evaluated using Slow and Rapid Pulse 
Sequences
There i s  good ageement between them. The images obtained from the 
rapid  pulse sequences also  showed an increase  in the s ig n a l - to -n o is e  
r a t i o  for  the same imaging time.
6.6 EVALUATION OF THE ERRORS IN THE CALCULATION OF T1
The above discuss ion has shown t h a t  using the rapid pulse technique i t
i s  poss ib le  to  obtain an improved stgnasL-to -no ise  r a t i o  on an image
and s t i l l  c a l cu la te  the  T1 values.
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For dens i ty  evaluat ion i t  i s  necessary to use Tr=5*T1, as i s
demonstrated by the dens i ty  response p lo ts  in F i g . 6 . This r e p e t i t i o n  
r a t e  i s  a lso used for  the invers ion  recovery sequence to ensure t h a t
the r e p e t i t i o n  r a t e  does not introduce any T1 dependence.
oThe T1 i s  ca lcu la ted  from the repeated 90 sequence (Mo), and the
Inversion Recovery sequence (My) using
M ±£-M  ± £
2 (M i O  = e x p t - t / V  . . . . 6 . 2 5
o
£ i s  the uncer ta in ty  in the rma^iniuijhe e r ro r  in T1 can be evaluated 
and the e r ro r  function fi't, per u n i t  t ime, with respec t  to Z i s  shown in 
F i g . 6.11. a t ,  from the propagation of  e r ro r s ,  i s
k  = —  + - M il 4 
1 L M^0“M^  4Mq2 J
|
where j M =Mq ( l - e "T/Tl }, a n d  s u b s t i t u t i n g
. . . . 6 . 2 6
= Mo [  e - t / Tl + l ] . . . .  6.27
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Fig. 6.11 The Uncertainty in T1 as a function of  X when using Slow 
Repeti t ion Rates.
The e r ro r  in T1 evaluat ion
- r i s e s  a t  long X values where My
approaches Mo.
6 .6 .2  Error  in T1 ca lcu la ted  using a Fast Inversion Recovery Sequence
The r e p e t i t i o n  r a t e  used in the inversion recovery technique i s  chosen 
to be sh o r t ,  s ince  t h i s  gives the  bes t  improvement in ' st^rv^L - to -n o i s e
1
r a t i o  on the image. The r e p e t i t i o n  r a t e ,  X ’ for  the repeated 90 
sequence i s  unchanged, as i t  i s  assumed th a t  a dens i ty  image i s  
required .  In t h i s  case
The RHS of the above equation i s  normally p lo t ted  as the c a l ib r a t io n  
curve. The e r ro r  a t  in T1 i s  p lo t ted  per u n i t  time as a funct ion of  x  
i s  shown in F i g . 6.12, Tr for  the IR sequence i s  100ms, and the time per 
p ro jec t ion  i s  the same as in the slow case, thus averaging i s  included.
M
M 2 M 2 M 
y  o  o
6 . 2 9
M =M ( l - 2 e "  ^ T l + e " ( T r + X ) / T l )y  o
M =M ( 1 - e  Tr ^ 1 )  a n d  s u b s t i t u t i n g  o  o
_ t  f  1 a - 2e-T/ Tl +e - (Tr +T>/Tl ) 2l  * .
rt MoL(l-e-Tr' /TV  (l-e-Tr'/Tr,4 J '
30
1*7
Fig.6.12 The Uncertainty in T1 as a Function o f  X. when using rapid IR
T h e e r r o r  i n c r e a s e s  a s  t h e  \  v a l u e  i n c r e a s e s  a n d  M 
a p p r o a c h e s  M . H o w e v e r ,  s i n c e  a  f a s t  r e p e t i t i o n  
r a t e  i s  u s e d  f o r  t h e  IR  s e q u e n c e  M i s  a l w a y s  l e s s  
t h a n  Mq a n d  s o  t h e  e r r o r  f u n c t i o n  ^ p l a t e a u s .
6.6.3 Discussion o f  Errors
I n  b o t h  c a s e s  t h e  e r r o r  i s  a  m inim um  a t  t h e  s h o r t  %  
v a l u e s  w h e r e  t h e  M v a l u e  i s  v e r y  d i f f e r e n t  f r o m  t h e  
Mq v a l u e .  I n  g e n e r a l  t h e  e r r o r  i n  T i s  r e d u c e d  w hen  
a  r a p i d  p u l s e  s e q u e n c e  i s  u s e d .
6.7 CONCLUSION
This chapter  has shown th a t  given a chosen technique,  in t h i s  case 2DPR 
although the ana lys is  a lso  holds t ru e  fo r  3DPR, 2 and 3DFT, rapid 
pulsing has a number of  advantages. I t  can increase the absolute  
s ig n a l - to -n o is e  r a t i o  and the con t ra s t  s ig n a l - to -n o is e  r a t i o  per u n i t  
time by upto a fac to r  of  two. I t  i s  poss ib le  to  obtain T1 and T2 
values from these sequences and with smaller e r ro r s .  In a l l  cases 
these  re lax a t io n  r a t e s  were assumed to be mono-exponential.
F ina l ly  given th a t  the T1 and T2 values are  known then i t  i s  poss ib le  
to obtain  maximum con t ras t  for a chosen organ.
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CHAPTER7 DIFFUSION
7.1 INTRODUCTION
NMR Imaging has been capable of  providing hydrogen dens i ty ,  
s p i n - l a t t i c e  re lax a t io n  and spin-spin  re lax a t io n  r e l a t e d  maps, of an 
ob jec t  for  severa l  years .  In t h i s  chapter  a technique for  the s p a t i a l  
mapping of  an ad d i t io n a l  NMR parameter, the molecular t r a n s l a t i o n a l  
d i f fu s ion  c o e f f i c i e n t ,  D, i s  described. This c o e f f i c i e n t  i s  a measure 
of  the average r a t e  of  d i f fu s ion  of  say, a water molecule through bulk 
l iq u id  as a r e s u l t  o f  Brownian motion.
In t i s s u e s  the magnitude o f  t h i s  c o e f f i c i e n t  (measured in cmVs), i s  
about h a l f  t h a t  of  pure water a t  room temperature.  Models o f  c e l l  
water have o ffered  some explanat ions for  t h i s  observed r e d u c t i o n ; ( i ) 
the water -pro te in  in te ra c t io n  induces a long range " s t ru c tu r in g "  in a 
s u b s ta n t i a l  f r a c t io n  of  the i n t r a c e l l u l a r  water;  ( i i )  i n t r a - c e l l u l a r  
membrane systems serve to compartmentalise the cytoplasmic water;  and 
( i i i )  i n t r a c e l l u l a r  p ro te in  s t ru c tu re s  serve  as obs t ru c t io n s  to 
d i f fu s ion  of  i n t r a c e l l u l a r  water. None of  these  have been supported by 
experimental evidence and some are  unhelpful  in t h a t  an appropria te  
degree of  s t r u c tu r in g  or obs truc t ion  can be assumed to  expla in any 
given measurements, and so no c le a r  explanat ion of  t h i s  decrease 
e x i s t s .
However, the d i f fu s ion  c o e f f i c i e n t  may y ie ld  information in addi t ion  to 
t h a t  ca r r ied  by T1 and T2. T1 and T2 measurements ca r ry  information 
r e l a t in g  to both r o ta t i o n a l  and t r a n s l a t i o n a l  modes o f  motion covering 
dis tances  of  a few angstroms, where as D r e f l e c t s  t r a n s l a t i o n a l  
d i f fe rences  over la rge r  d is tances  (1-100|jms) and could be a valuable  
adjunct to  the o ther  NMR parameters in the c h a r a c te r i s a t io n  of  t i s s u e s .
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In order to explain the spin-echo envelopes obtained from c e r ta in  
samples in h i s  NMR free  precession experiments using a 90-T-180 
sequence, Hahn found i t  necessary to  consider the  d i f fu s ion  of  
molecules through the  inhomogeneous ex te rna l  f i e ld  (Hahn 1950). The 
accurate  measurement of  long T2 values i s  sometimes obscured by the 
d i f fu s io n  term, which a f fe c t s  the spin-echo amplitude a t  long X  values 
so t h a t  the decay i s  no longer simply exponentia l.
In l iq u id s  the  d i f fu s io n a l  motion permits a nucleus to  move between 
d i f f e r e n t  p a r t s  of  the sample where the precession r a t e s  may d i f f e r .  
As a r e s u l t ,  during a spin-echo sequence the dephasing during the f i r s t  
i n t e r v a l ^  may d i f f e r  from the dephasing during the second in te rv a l  X , 
and the echo i s  diminished. This can be amplified by the add i t ion  of  a 
f i e l d  g rad ien t  during the sequence, migrat ing nuclei experience a net
phase s h i f t  and w i l l  not be properly refocused.
The height o f  the echo i s  given by
M( 2 t ) = Mo e x p [ ( - 2 t / T 2 ) - ^ Y 2 |(j | 2Dt 3 ]
. . . . 7 . 1
where Ci i s  the gradient  present  and D i s  the  d i f fu s ion  c o e f f i c i e n t .
The d i f fu s io n  term o r ig in a te s  from inc lus ion  of  such a term in the  
Bloch equat ions.  The t r a n s l a t i o n a l  motion of  molecules may not only be 
due to d i f fus ion  but a lso to flow. In a system where d i f fu s io n  and 
uniform flow processes are present  the equation o f  motion of  the 
magnetisation following 90 degree r f  pulse ,  in a coordinate  frame
ro ta t in g  at the resonance frequency co=r)IBo, and where the only f i e l d
present  i s  in the z -d i rec t ion  i s
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where Beff=G.r+G.vt, G i s  the s t reng th  of  the gradient  and v i s  the 
v e loc i ty  of  the  flow, and neglect ing f i e l d  inhomogeneities.
■V
Writing t h i s  in terms of  the complex magnetisation M=Mx+iMy
dM* + + M*—  = -  IyG-JlM -  iy G.  V t  M  + DV2M .
dX T2
. . . . 7 . 3
7.2.1 No Flow and No Diffusion
Consider the  simplest case f i r s t ,  t h a t  in which v=0 and D=0.
aM+ ■ M*
= -  i yG. rM+ 
dt l z
 7.4
the so lu t ion  for t h i s ,  a f t e r  an i n i t i a l  90 degree pulse can be e a s i ly  
seen to  be
- t /T 2 - iy G . r t
r ,t) = MQe e
. . . .  7.5
The 180 degree pulse leaves My unchanged, and changes Mx in to  -Mx. 
- T G . t-'E Into tt + y G.r'C
. . . . 7 . 6
and so a t  the end of  the 180 degree pulse
M+ + - T / r z In- ' r t e t( r , T  ) = M0e e e
 7.7
Using equation 7.5 the magnet isation a f t e r  t h i s  pulse develops
- t ' / T 2 -iyG .r  V 
M+</,t ')  = M+( r , r +) e 0
.... 7.8
where t= t -X  
At t = 2 t
-2 t /T 2
M*(r.2T) = MQ e
 7.9
s ince the complex phase f a c to rs  cancel leaving the fam il ia r  expression 
for the magnetisation a t  the  echo.
7 .2 .2  Diffusion Only
O. M+= - iy G . r M+ -  —  + DV2M+
0t t2
. . . . 7.10
We expect t h a t  d i f fu s ion  w i l l  not a f f e c t  the phase of  the development 
of  the magnetisation a t  r ,  but w i l l  a f f e c t  the magnitude (S l ic h te r  
1978b). As long as we are not near a boundary, every plane r  has 
planes symmetrically Ar above and below with phase lead and lag  
respec t ive ly ,  from which magnetisat ion d i f fu ses  to  r ,  the  phase lead or 
lag depending on Ar and independent of  r .  Thus we expect t h a t
d i f fus ion  induced decay w i l l  be independent of  r ,  and th e re fo re  we t r y  
the so lu t ion
- t /T 2 -IyG .r t 
M+ (r ,t)  = MQe 0 A(t)
 7.11
in equation 7.10 
Solving
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. 7 .12
The constant  A(0) i s  incorporated in to  M(0) giving for  the 
magnetisation following the i n i t i a l  90 degree pulse
M+(r , t )  = M oe - ,/T ^ - i > S t , e - D / l f i | Z ‘3/3
 7.13
Following a s im i la r  argument to th a t  in 7 .2 .1 ,  at  t=2t?
-2 t /T  ~Dy2 | G | 22 r 3/ 3
i , 2 t ) = M0e e
 7.14
as once again the complex phase f ac to rs  cancel giving the fam il ia r  
d i f fu s ion  equat ion.
7 .2 .3  Flow but No Diffusion
3M+ . M+
~ — = -  i yG.y tM -  —  -  IyG.r M*
2  7.15
Unlike the d i f fu s ion  case i t  i s  no longer expected t h a t  the  phase w i l l  
be in v a r ia n t ,  due to  the unique d i rec t ion  of  motion.
Solving for M*, the magnetisation a t  time t  a f t e r  the 90 degree pulse ,
tlyG. rt -vG. v 
M+(_r, t) = M e e
t/Tz -ly y .y J t dt
. . . . 7 . 1 6
and a t  t=2T
-2  r /T  “ lyG. v t z  
M ( j ,  2 t )  = MQ e e
 7.17
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aM+ . M+
= -  iyG-i nP ~ 1 rG-y t m+  + dv2m+
at T2  7.18
Try a so lu t ion
t
- t /T ,  -iyG. r j  -iyG. v f t^ * A dtM+ (r.t> = M0e e e ° A(t)
• . . . . 7 . 1 9
s u s t i t u t i n g  in to  equation 7.18 gives for  A(t)
-y^Gi2 ox3/ 3
A (t )  = 0 . . . . 7.20
Thus the complete so lu t ion  describ ing the evolution of  the
magnetisation with flow and d i f fus ion  presen t ,  a f t e r  an i n i t i a l  90 
degree pulse i s
1 f
-X/Tz  -IyG.r t - lyO v I t  dt -y* ,q  , * D2 t 3/ 3.
M ( / , t )  = MQ0 0 0 ©
 7.21
At t=2T
- 2 t / T 9 -iyG. v r 2 -y 2 |G |2D2r3/ 3
 7.22
7.3 EXPERIMENTATION AND RESULTS
These equat ions show th a t  as well  as measuring the T2 re laxa t ion  r a t e  
i t  should a lso  be poss ib le  to measure the d i f fu s ion  c o e f f i c i e n t  and to 
estimate values of  flow. The case i s  f i r s t  considered for d i f fu s io n  
alone.
The ear ly  techniques  for determining the d i f fu s ion  c o e f f i c i e n t  involved
<[1*5
o u c  y i  c o c u ^ c  u x  a l i i i c d t  g r  c i u x e n u  u  a x u r i g  u n e  i - a x i s  a n a  u n e n  m e a s u r i n g  
i t  in  the  absence of  such a g rad ien t ,  the r a t i o  of  the echo magnitudes 
i s
MCG) - ^ l e ^ D S r 3/ 3
  = e
M(0)
 7.23
and D may be determined from the  slope of  a p lo t  of  ln[M(G)/M(0)] vs T, 
(Douglass and McCall 1958).
A l im i t a t i o n  of  t h i s  method a r i s e s  from the f a c t  t h a t  the magnetic 
f i e l d  g rad ien t  must be present  a t  a l l  t imes. As t h i s  increases  to  
measure smaller values of  D then the echo narrows and the information 
a v a i la b le  from i t  decreases.  From the point  of  view of imaging t h i s  
cons tant  gradient  i s  inconvenient s ince  i t  i s  present along with the 
imaging grad ien ts  whils t  the echo i s  being sampled. The lower l im i t  of  
D t h a t  can be measured using t h i s  technique depends on the value of  T2 
and on the value of  G, which i s  l im i ted  by the amount of  curren t  t h a t  
can be passed through the g rad ien t  c o i l s .  This l im i t  means t h a t  D 
<1*10^>m*/s cannot be measured with t h i s  technique. I t  i s  possib le  to 
increase  the value of  G employed by passing current  through the c o i l s  
for  only a few seconds during the experiment.  However, t h i s  lower 
l im i t  can be extended by use of  pulsed grad ien ts .
The pulsed gradient  technique permits  the use of  large gradients  and a 
narrow band amplif ier  in the rece ive r  to  obtain improvements in range 
and precess ion.  In t h i s  technique, a l i n e a r  f i e ld  gradient  pulse of  
durat ion  S and magnitude G in the d i r e c t io n  of  the Bo magnetic f i e ld  i s  
applied  between the two r f  pu lses .  A second f i e ld  gradient  pulse ,  
i d e n t i c a l  to the f i r s t  i s  applied a f t e r  the  180 degree pulse ,  with the  
time between the two gradients  being A • The f i e ld  gradient  i s  turned 
o f f  when the r f  pulses  are applied and when the spin-echo i s  monitored. 
For t h i s  technique
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 S"2' • —' ' •
H(0)
 7.24
which in the l im i t  where t~<5~A becomes 
M(G=G„) = exp[-^Y2 1G I 2 t 3d ]
m(o)
 7.25
as before ,  (James and McDonald 1973).
This experiment i s  worth v i s u a l i s in g .  Following the 90 degree pulse 
there  i s  n eg l ig ib le  loss  o f  phase coherence u n t i l  the f i r s t  g rad ien t  
pulse .  This pulse produces a phase s h i f t  depending upon the p o s i t ion  
of each nucleus in the  d i r e c t io n  of  the f i e ld  gradient  present  a t  t h a t  
t ime. Following the g rad ien t  pulse the loss  of  phase coherence i s  
again n eg l ig ib le ,  but the  nucle i  as they d i f fu se ,  change p o s i t io n .  The 
180 degree pulse in v e r t s  the  phase s h i f t s ,  and the second grad ien t  
pulse produces phase s h i f t s  equal to  those produced by the  f i r s t  
g radient  pulse .  In the absence of  d i f fus ion  the second gradient  pulse ,  
aided by the 180 degree pulse ,  would exactly  undo the e f f e c t  o f  the  
f i r s t .  Diffusion causes the  refocussing to be incomplete.
In t h i s  technique,  only the changes in  pos i t ion  occuring between the  
two gradient  pulses  are important and are equal ly  weighted r egard les s  
of  when they occur within the  i n t e r v a l .
I t  i s  f e a s ib le  to  measure the s p a t i a l l y  dependent s e l f - d i f f u s i o n  
c o e f f i c i e n t  D(x,y,z) by combining the d i f fus ion  technique with the  
imaging experiment.  The pulsed gradient  technique was combined with 
the spin-warp imaging technique,  as shown in F ig .7.1
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F i g .7.1 The Diffusion Imaging Pulse Sequence
The e f f e c t  of  the spin-warp i s  to  a t tenuate  the o r ig in a l  magnetisation 
by a fac to r
- iy  ° J  G^(t)dt 
-tswe
°  7.26
where tsw i s  the time the phase encodind gradient i s  appl ied fo r ,  
t h i s  disappears when M(G)/M(0) is  used to ca lc u la te  D. The magnitude 
of the imaging grad ien t  i s  small compared to the d i f fu s io n  gradient  and 
the e f f e c t  of  i t  being present  whilst  the d i f fus ion  g rad ien t  i s  on i s  
to  s l i g h t ly  a l t e r  the d i re c t io n  and magnitude along which d i f fu s ion  i s  
measured. I f  t h i s  i s  a problem the imaging gradient  could be applied 
a t  the centre  of  the echo.
To obtain a weighted d i f fus ion  image, one image i s  taken without the 
d i f fus ion  gradient  p resent  and one with the  g rad ien t  p resen t .  A 
d iv is ion  of  these  images gives the required image from which the 
d i f fus ion  c o e f f i c i e n t s  of  regions  of  i n t e r e s t  can be c a lcu la ted .
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most common means of  c a l i b r a t in g  G i s  to  use a reference sample of
known D. Images of  a phantom containing d i s t i l l e d  water were produced
with and without the d i f fu s ion  grad ien t .  Using D=2.07*10"5 cm/'s for
water, a value for  G of 2.5G/cm was obtained using equation 7.2*1. When
the d i f fus ion  sequence was f i r s t  implemented, i t  was necessary to
ad jus t  s l i g h t l y  the length of  the second gradient  pulse ,  r a th e r  than
leave i t  i d e n t i c a l  to  the f i r s t ,  to obtain an optimum match. The
extreme instrumental demands of ten  mean t h a t  the re  w i l l  be some
imperfections in the gradients  and t h i s  matching compensates for  t h i s .
In addi t ion ,  some workers have noticed an add i t iona l  magnetic f i e ld
grad ien t ,  when the  pulse which produced the pulsed gradients  has died
down, (Hrovat and Wade 1981). I t  may or may not be the r e s u l t  of
slowly decaying eddy cu r ren ts ,  but i t  does r e s u l t  from the app l ica t ion
of the pulsed g rad ien ts .  They suggest a minimum delay time before an
r f  pulse i s  applied a f t e r  a g radient  pulse of  ~1-5ms. For t h i s  reason
a delay of  2ms i s  allowed between the end of  the f i r s t  g radient  pulse
o
and the s t a r t  of  the 180 pulse .  The length of  time the grad ien ts  were 
applied for was es timated to allow a knock-down of  67% of the spin-echo 
in t e n s i t y ;  t h i s  maximises the p rec is ion  of  the d i f fus ion  c o e f f i c i e n t  
measurements with respec t  to  s ig n a l - to -n o i s e .  The parameters used for  
the d i f fus ion  imaging experiment were S=15ms,A=27ms, and Gz=2.5G/cm.
A hen’s egg was chosen as a su i t a b le  phantom since the white and yolk 
have s ig n i f i c a n t ly  d i f f e r e n t  sp in-sp in  re lax a t io n  r a t e s  and d i f fu s io n  
c o e f f i c i e n t s ,  and there  i s  no flow p resen t .  Four images were taken 
using the spin-warp imaging sequence. Three had no d i f fus ion  grad ien t  
and £=16,21 ,27ms and one had the d i f fu s io n  gradient  present  and T=27ms. 
The r e p e t i t i o n  time, Tr= 5s, for  a l l  cases.  The T2 re laxa t ion  r a t e  and 
the d i f fus ion  c o e f f i c i e n t s  were ca lcu la ted  from these  images and are  
shown in  Table 7 .1 .  Bulk values from the l i t e r a t u r e  are  given for 
comparision.
1*19
T^/ms DxlO*5c m 2/ s  References
Yolk: Image  27  0 - 6
Yolk: Bulk 1 9 - 2 7  0 - 3 7 - 0 - 6  James & G i l l e n
White: Image  3 9 5  1 - 4
White: Bulk 4 4 0  1 - 6 6 - 1 - 7 1  J a m e s  & G i l l e n
Table 7.1 A Comparison of T2 relaxation rates and Diffusion 
Coefficients obtained from images and bulk measurements. The
corresponding images are shown in Fig.7.2.
UNIVERSITY OF SURREY
Fig.7.2 (a) Without the diffusion gradient; (b) with the diffusion 
gradient (c) this is (b)/(a), a "diffusion" image. The shape in the 
centre of the yolk would appear to be peculiar to eggs and has not yet 
been explained.
7- 3* I i
The study of flow processes in fluids using the traditional pulsed 
gradient techniques has not received so much attention although there
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t h a t  the e f f e c t  of  flow i s  to  introduce a ve loc i ty  phase dependent 
phase encoding, whereas the  e f f e c t  of  d if fus ion  i s  to  a t t e n tu a te  the 
echo. Although t h i s  flow experiment has not been ca r r ied  out i t  w i l l  
be descr ibed.
During the period t=0 to t=T a rep re sen ta t ive  nucleus gains a phase 
angle 0,
where G(t) i s  the  pulsed gradient  form and i s  now a function of  t ime. 
The 180 degrees pulse s e t s  back the phase by twice the amount i t  has 
advanced i t  i . e .
I /<?69)
In the l im i t  G(t)=G for a l l  t ,  as in constant gradient  case,  t h i s  
becomes tfGyt . I f  a psd i s  used and s e t  to  give maximum FID following 
the 90 degree pulse a t  t=0 then the echo w i l l  be a t tenuated  by the 
f ac to r  cosOfGvt ) assuming neg l ig ib le  d i f fu s ion .  To measure the flow 
ve lo c i ty  i t  . i s  necessary to  choose a gradient  value such t h a t  flow 
a l i a s in g  does not take place.  Then taking the case of  G(t)=Gt,
0
. . . 7 . 2 7
T
. . . 7 . 2 8
During X to 2 X the nuclei  gain a phase
T
7.29
yGVT2 = IT 7.30
In t h i s  case to avoid a l i a s in g ,  for  a r t e r i a l  flow where v=20cm/s the
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may be a l t e re d  by changing the time fo r  which the gradient  pulse i s  
applied.  In theory i t  would be possible  to obtain  the flow ve loc i ty  
with only two images, taken with d i f f e r e n t  g radient  s t reng ths .  More 
ty p i c a l ly  the experiment would be repeated for a number of d i f f e r e n t  
gradient  values , and then i t  i s  possib le  by means of  a simple FT to 
determine v, in a manner analogous to  the spin-warp technique. This 
would overcome any f i e l d  inhomogeneity and a l i a s in g  problems. In 
p r a c t i s e  to obtain  a l l  th ree  components of  v th ree  separate  experiments 
should be ca r r ied  out.
I f  the d i f fu s ion  e f f e c t  was not neg l ib le ,  then s ince  d i f fus ion  e f f e c t s  
magnitude, and the flow only phase, i t  i s  s t i l l  poss ib le  to separa te  
the e f f e c t s .  In t h i s  case,  the d i f fus ion  c o e f f i c i e n t  can be obtained 
from the magnitude of  the  magnetisation and then the ve loc i ty  of  flow 
can be found as ind ica ted  above.
7.4 DISCUSSION
The f e a s i b i l i t y  of  the  pulsed technique in imaging has been 
demonstrated in 7.3.1 where a map of  the d i f fu s ion  c o e f f i c i e n t  i s  
obtained. TableT. I shows good agreement in  a l l  cases between the values 
obtained by imaging and those obtained by more t r a d i t i o n a l  methods. 
S ig n i f i c a n t ly  the d i f fu s io n  image shows an inversion of  c o n s t r a s t  
between the yolk and the  white.  This emphasises the fac t  t h a t  the 
d i f fus ion  parameter could be of  use in the characterisation of  t i s s u e s  
and in a iding image c o n t r a s t  between t i s s u e s .
At a more fundamental l e v e l ,  the pulsed gradient  d i f fus ion  technique,  
because of  the accurate  determination of  the time during which 
d i f fu s io n  i s  observed, can be used to monitor r e s t r i c t e d  d i f fu s io n
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ui uxi. i  u o i u u  a n o c s  wueii u n e  sa in p ± e  c a v i t y  i s  v e r y
small and the s iz e  of  the cavi ty  r e s t r i c t s  d i f fu s io n .  For the 
measurement of  the  s e l f - d i f f u s i o n  c o e f f i c i e n t  o f  c e l l u l a r  water,  the 
c e l l  s ize  may q u i te  re a d i ly  r e s t r i c t  d i f fu s io n .  The average diameter 
of a muscle c e l l  i s  43pm, and r e s t r i c t e d  d i f fu s ion  becomes a fac to r  
when
yG a2 _< 1 
A
. . . 7 .3 1
where a i s  the diameter of  the cavi ty  and G i s  the g rad ien t ,  assumed 
applied for the e n t i r e  t ime.  In the pulsed gradient  case i t  i s  
d es i rab le  to  make the  period of  time the g radient  i s  applied for  as
shor t  as poss ib le .  I f  d i f fus ion  i s  observed only over a shor t  time few
of the molecules can contac t  the b a r r i e r s  ( c e l l  membranes) and t h e i r  
motion i s  pr imar i ly  determined by the v i sc o s i ty  of  the  medium between 
the b a r r i e r s .  As the  observat ion time i s  extended more of  the 
molecules contact  the b a r r i e r s ;  they move r e l a t i v e l y  l e s s  t h a t  they 
would in the absence of  b a r r ie r s .an d  the apparent d i f fu s io n  c o e f f i c i e n t  
decreases.  The amount of  decrease gives an idea of  the permeabil ity  of  
the membranes, which can also  be measured.
A hens’ egg i s  a s ing le  c e l l  and so b a r r i e r  e f f e c t s  from c e l l  walls are
not a r e s t r i c t i o n .  However, i f  the d i f fu s ion  experiment i s  ca r r ied  out
in muscle then r e s t r i c t e d  d i f fus ion  would become a f a c to r .  To avoid 
t h i s  the magnitude of  the gradients  must be increased so t h a t  & can be 
decreased, and then the  average displacement occuring during t h i s  t ime 
i s  not enough for  the motion to be r e s t r i c t e d .
The experimental development of  the technique for  the measurement of  
flow should not be d i f f i c u l t  i f  the flow ve lo c i ty  i s  cons tan t .  
However, i f  i t  i s  pulsed flow as in a r t e r i e s  then i t  may be necessary 
to gate the system such t h a t  the same pulse pos i t ion  i s  monitored each
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7.5 CONCLUSION
The measurement o f  d i f fus ion  r a t e s  provides e n t i r e ly  new information 
compared with t h a t  obtained from conventional re laxa t ion  measurements. 
Together with flow imaging techniques i t  should be possib le  to 
d i s t in g u ish  flow and perfusion of  blood through t i s s u e s  and the 
r e s t r i c t e d  d i f fus ion  of  i n t r a c e l lu a r  water.  The l a t e r  d i f fu s io n  
process w i l l  d i f f e r  from t i s s u e  type to t i s s u e  type and provide an 
a d d i t io n a l  co n t ra s t  paramter.
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